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20.  Abstract  (Continued) 

interhalogens  have  less  favorable  thermochemical  properties  than  do  F_  and  ^F^, 
but  all  of  the  reactant  systems  considered  could  generate  sufficient  F atoms  if  a 
large  enough  fraction  of  the  oxidizer  were  combusted.  The  only  precombustor  pro- 
ducts that  are  expected  to  be  noticeably  detrimental  in  the  cavity  are  HF  and  DF, 
ana  these  can  be  reduced  or  eliminated  by  using  hydrocarbons  or  fluorocarbons  as 
the  precombustor  fuel. 

Kinetic  analyses  of  the  cavity  reactions  were  carried  out  (using  the  premixed  ap- 
proximation) for  the  cavity  fuels  H2,  HC1,  C,Hg,  and  HBr.  Because  of  the  higher 
[race  of  the  F C,Hg  reaction,  C_Hg  gave  higher  calculated  zero-power  gains  than 
HBr  gave  lower  calculated  gams  than  R£  on  the  PI  and  P2  lines,  but  much 
larger  gains  on  the  P3  lines  because  the  pumping  reaction  is  more  exothermic  with 
HBr.  In  all  cases,  HF-HF  V-V  processes  were  found  to  be  the  dominant  energy- 
transfer  process. 

Small-scale  laser  tests  were  utilized  to  evaluate  advanced  cavity  fuels  and  advan- 
ced precombustor  oxidizer  fuel  combinations.  Considerable  data  were  obtained  on 
advanced  cavity  fuels  which  show  that  the  slower  mixing  rates  attendant  with  in- 
creased molecular  weight  inhibited  the  attainment  " higher  performance  promised 
by  faster  pumping  rates.  Also,  some  of  the  advance,  cavity  fuels  are  faster  de- 
activators than  H.?,  further  reducing  their  effectiv  'ness.  With  the  possible  ex- 
ception of  HBr,  tHe  effective  utilization  of  advanced  cavity  fuels  requires  new, 
innovative  nozzle  design. 

Advanced  precombustor  reactants  were  demonstrated.  These  include  NF3  as  an  oxid- 
izer and  C4F„  as  a fuel  to  produce  no  DF.  Tests  utilizing  N2  to  replace  He  as  a 
.diluent  showed  performance  depression  much  less  than  had  been  anticipated  on  ana- 
lytical grounds.  Evidence  was  found  that  a change  in  laser  gain  medium  proper- 
ties, e.g.,  substantially  different  deactivation  rates,  may  have  a large  effect  on 
the  optimization  of  power  outcoupling  optics. 

Global  (ovecall)  rates  were  measured  for  selected  HF  "pumping"  reactions  in  a fast- 
flow  reactor  in  which  F atoms  were  measured  by  EPR  spectroscopy.  The  rate  con- 
stants obtained,  in  units  of  (mole/cc) sec  , were:  1.0  x 101  for  F + H2, 

2.4-3. 1 x IO13  for  F + HBr,  1.0  x 1011  for  F + CF,H,  3.2  x 1013  for  F + CH4,  5 x 
1013  for  F + C3H8,  and  1.7  x 1017  for  F + HI.  ° 
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SUMMARY 


PHASE  I:  THERMOCHEMICAL  AND  KINETIC  ANALYSIS 

To  determine  which  advanced  precombustor  and  cavity  reactants  warrant  experimental 
study,  a theoretical  analysis  was  conducted  of  the  thermochemistry  of  F-atom  gener- 
ation in  combustion  and  of  the  kinetics  and  mechanism  of  cavity  reactions.  The 
thermochemical  calculations  permitted  the  final  preccmbustor  gas  composition  and 
temperature  to  be  predicted,  assuming  that  chemical  equilibrium  is  attained  and 
the  reactor  is  adiabatic.  The  possible  detrimental  effects  on  the  cavity  reac- 
tions of  the  combustion  products  of  advanced  fuels  and  oxidizers  could  then  be 
considered.  The  kinetic  analysis  gave  some  indication  of  which  chemical  and 
energy-transfer  processes  affect  the  zero-power  gain  that  can  be  attained  when 
advanced  reactants  (including  cavity  fuels)  are  employed. 

Task  1-1.  Thermochemical  Analysis  (Precombustor) 

The  conditions  required  for  the  nearly  complete  dissociation  of  to  F-atom  are 
calculated.  The  extent  of  dissociation  increases  with  temperature  and  decreases 
with  partial  pressure  of  F-atoms  as  follows: 


Percent  I:2 
Dissociated 

Partial  Pressure  F 
psia 

-Atoms, 

0.3 

3.0 

30 

95.0 

1280  K 

1490  K 

1800  K 

99.0 

1430  K 

1710  K 

2130  K 

99.9 

1710  K 

2130  K 



2800  K 

At  large  extents  of  r'2  dissociation,  the  percent  F2  undissociated  is  approximately 
proportional  to  the  F-atom  concentration  at  a given  temperature. 

The  oxidizers  considered  are  N^^,  ^F^,  *"^5’  anc*  ^lF^.  ^he  ^ue^s  are  ^2’ 
N^l^,  Nil,,  CS2>  cyanogen,  PF^,  hydrocarbons,  and  perf luorohydrocarbons ; and  the 
diluents  are  helium  and  nitrogen.  The  following  two-component  systems  are  also 
considered:  N2O-F2,  N9O-CIF5,  N2O-NF2,  N20-SFg),  NO-NF3,  NO-CIF5  and  NO-SF5. 
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The  reactant  systems  i ,,  W?- He,  CIF^-NH^-He,  CIF^-C^H^-He,  ClF^-CgF^-He,  and 
ClFc-CS9-He  are  compared.  The  reactant  ratios  required  to  obtain  various  adia- 

b L. 

batic  temperatures  and  F-atom  concentrations  are  calculated  'and  plotted.  The 
equilibrium  product  distributions  are  also  plotted  for  these  systems  as  a func- 
tion of  temperature  at  fixed  mole  fractions  of  F-atoms. 

Only  a limited  number  of  major  combustion  products  are  formed.  These  are  HF, 

CF^,  C1F,  SF^,  and  PF^.  At  higher  temperatures,  the  C1F  dissociates  to  atoms, 
the  SF^  forms  SF^,  and  the  CF^  react?  with  0 2 (if  present)  to  form  CQF2.  The 
large  amounts  of  HF  that  arc  formed  from  the  fuels  H9,  NH^,  and  are  of  the 
most  concern.  The  use  of  benzene  reduces  the  amount  of  HF  formed  by  about  a 
factor  of  three  and,  of  course,  no  HF  is  formed  from  C^F^  and  CS2. 

The  theoretical  product  distributions  were  calculated  alsu  for  the  helium-free 
systems:  N20-F2>  N20-NF3,  N20-C1F5,  N^-SFg,  NO-NF3>  NO-CIFg,  and  NO-SF6<  The 

nitrogen  oxide,  which  is  i.i  large  excess,  should  decompose  to  N2  and  02  (forming 
the  diluenc)  generating  sufficient  heat  to  dissociate  the  oxidizer.  These  sys- 
tems are  shown  to  have  satisfactory  thermochemical  properties.  The  concern  in 
these  systems  is  whether  they  will  undergo  sustained  combustion  and  the  possible 
effects  in  the  cavity  of  the  large  amounts  of  oxygen  and  nitrogen  generated. 

Because  the  systems  I^O-SF^  and  NO-SF^  may  form  SOF^  as  a product,  estimates  and 
data  relating  to  the  heat  of  formation  of  SOF^  are  reviewed.  It  is  shown  that 
the  heat  of  formation  is  probably  about  -225  kcal/mole  rather  than  -254  kcai/mole 
as  suggested  in  the  literature.  Thus,  SOF^  is  not  predicted  to  be  a major  product 
in  these  systems  but,  rather,  the  sulfur  should  form  mainly  SC>2F2. 

A detailed  thermochemical  analysis  is  presented  which  permits  the  fhermochemical 
properties  of  the  individual  reactants  to  be  investigated.  The  vxidiners  NF3> 
C1F<.,  and  C1F3  are  found  to  bum  much  colder  wit’  ay  given  fuel  than  do  F2  or 
N9F4.  This  requires  a ’arger  fraction  of  the  oxraizer  to  be  combusted  (rather 
than  dissociated  to  F-atoms),  forming  more  combustion  products  such  as  HF.  The 
thermochemical  properties  of  the  fuels  have  smaller  effects  on  the  fraction  of  the 
oxidizer  combusted  (i.e.,  on  the  heat  of  combustion),  but  the  composition  of  the 
fuel  determines  mainly  tr.e  reaction  products 
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The  less  favorable  thermochemical  properties  of  the  oxidizer  NF^  and  CIF5  ana>of 
certain  of  the  fuels  do  not  preclude  their  use  in  a chemical  laser.  In  fact,  all 
of  the  preconbnstor  reactant  systems  considered  are  capable,  theoretically,  of 
generating  sufficient  F-atoms  when  burned  and,  except  for  HF  and  DF,  the  predicted 
combustion  products  are  not  effective  deactivators  of  HF*.  With  some  reactant 
systems,  however,  a considerable  reactant  weight  penalty  may  be  involved. 

Task  1-2.  Kinetic  Analysis  (Cavity) 

An  analysis  was  made  of  the  effects  of  advanced  reactant  systems  on  the  kinetics 
of  cavity  reactions.  The  rates  of  the  many  elementary  reactions  and  energy- 
trass  fcr  processes  that  may  occur  in  the  cavity  were  integrated  using  the  premixed 
approximation.  Estimates  were  obtained  of  the  expected  conditions  and  zero-power 
gain  as  a function  of  distance  from  the  injector.  In  addition,  the  relative  im- 
portance of  the  various  chemical  and  energy-transfer  processes  on  the  predicted 
gain  was  investigated.  The  kinetic  analysis  was  limited  by  the  unavailability  of 
measured  kinetic  parameters  for  many  of  the  important  processes. 

In  the  Series  I kinetic  calculations,  HC1  was  compared  with  H2  as  the  cavity  fuel 
and  advanced  precombust  or  reactant  systems  were  compared  with  the  baseline  system 
F2-D9-He.  HC1  gave  larger  calculated  gains  than  H2,  but  the  estimated  HC1  pumping 
rate  used  has  since  been  fourd  to  be  t^o  large  by  more  tha..  an  order  of  magnitude. 
Deactivation  of  HF(Vj  by  DF  was  found  to  be  the  fastest  of  the  V-T  process,  but  the 
calculated  gain  was  not  affected  by  the  presence  or  absence  of  DF  in  the  mixture. 
This  is  apparently  because  the  HF-HF  V-V  processes  completely  dominate  with  re- 
spect to  energy  transfer.  The  presence  of  the  other  expected  precombustor  pro- 
ducts, GIF,  CF4,  .N‘2  and  02,  did  not  affect  the  calculated  gains  although  these 
species  do  deactivate  HF  somewhat  faster  than  helium.  They  do  not,  however,  ap- 
proach DF  in  their  deactivation  efficiencies.  H atom  was  shown  to  be  undesirable 
because  it  can  undergo  exchange  reactions  HF  and  DF  leading  to  the  formation  of 
HF(O)  both  from  excited  HF  and  from  ground  state  DF. 

In  the  second  series  of  k'.netio  calculations,  propane  was  found  to  produce  larger 
theoretical  gains  than  li2,  again  mainly  because  of  its  fa-ter  pumping  rate  (which 


has  been  established  experimentally).  The  benefit  obtained  by  elimination  of  H 
atom  frc  the  system,  by  replacing  H2  with  C3H3,  was  compensated  for  by  the  greater 
efficien  / of  C3H3  (and  presumably  C3H7)  in  deactivating  HF  compared  with  »2.  In 
the  final  kinetic  calculations,  HBr  was  compared  with  H2  as  the  cavity  fuel.  De- 
spite its  faster  pumping  rate,  HBr  gave  lower  theoretical  gains  on  the  PI  and  P2 
lines.  HBr  did,  however,  produce  much  higher  gains  on  the  P3  lines  compared  to 
Ii2.  These  differences  resu’t  from  the  larger  exothermic! ty  of  the  F + HBr  reaction 
and  the  energy  distributions  of  the  pumping  reactions. 

PHASE  II:  EXPERIMENTAL  LASER  TESTS 


Studies  were  conducted  on  the  performance  of  a small  CW  HF  laser  using  reactants 
other  than  the  baseline  set:  in  the  precombustor  and  H2  as  the  cavity 

fuei.  Alternate  cavity  fuels  (H-atom  donors)  were  evaluated  by  monitoring  laser 
performance  with  direct  substitution  of  the  alternate  cavity  fuei  for  the  H2 
baseline  cavity  fuel.  These  tests  were  run  in  a specially  designed  test  facility 
utilizing  flow  and  optical  diagnostics.  The  cavity  fuels  evaluated  were:  HE  , 

MCI,  HC?2C1,  HCF^,  n-C4H1Q,  n-C^Hg,  c-C^H^,  and  CH,vjCH.j, 


Lasing  was  achieved  with  HBr,  HC1,  n-C^Hg,  n-C^Ii^,  and  in  o.der  of  de- 

creasing performance.  Comparison  with  li,  was  difficult  because  of  substantial 
differences  in  molar  flowrates.  Absolute  outcoupled  poweisobtamed  were  substan- 
tially less  than  H2>  However,  when  normalized  to  molar  fi  wrat.es,  the  results 
compared  fav  ciubly,  suggesting  that  with  appropriate  nozzle  rdware  (not  necessar- 
ily an  easy  task),  some  advanced  storable  cavity  fuels  could  oe  used  to  advantage. 


Experimental  combustor  tests  were  conducted  using  C ,F . and  C.F0  fluorocarbons  as 
replacement  fuels  for  deuterium.  These  experiment  :1  tests  were  conduct*  I using 
existing  small-scale  laser  hardware  to  evaluate  combustor  characteristics  and 
determine  the  adequacy  of  this  combination  (hardware  and  fuel)  to  provide  the 
necessary  temperatures  for  the  cold  reaction  to  proceed  in  planned  laser  experi- 
ments. Successful  operation  of  the  C4Fg/F2/He  system  was  determined  in  a m. vture 
ratio  range  of  1.3  to  l.,5  at  varying  diluent  ratios. 
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Small-scale  laser  tests  with  this  combination  and  with  the  combination  C .F0/NF, 
with  He  diluent  were  successful.  Semiquantitative  analysis  of  the  data  indicates 
that  good  lasing  performance  is  achievable  with  advanced  reactant  precombustors. 
Furthermore,  substitution  of  h’2  for  He  as  the  diluent  gave  surprisingly  good 
results,  indicating  that  with  proper  precombustor  and  nozzle  design,  may  be 
effectively  utilized  in  place  of  He. 

PHASE  III:  KINETIC  MEASUREMENTS — GLOBAL  PUMPING  RATES 

Global  (overall)  rates  were  measured  fur  selected  HF  "pumping"  reactions  in  a 
fast-flow  EPR  reac.or.  The  following  rate  constants  have  been  obtained  in  the 
apparatus : 

Global  Rate  Constant, 

Reaction  (mole/cc)  1 sec  * 


F + H2  = HF  + H 
F + HBr  = HF  + Br 
F + CF3H  = HF  + CF3 
F + CH4  = HF  + CH3 
F ♦ C3H8  - HF  ♦ C3H7 
F + HI  = HF  + I 


13 

1.0  x 10 

2.4  to  3.1  x 1013 

1.0  x 1011 
13 

3.2  x 10xo 
5 x 1013 
1.7  x 1013 


I’he  theory  required  for  the  determination  of  accurate  rate  constants  in  such  a 
reactor  .s  discussed  in  detail,  including  the  fluid  mechanics  involved  and  the 
theory  associated  with  the  EPR  measurement  technique.  The  fast  reactions  studied 
required  very  fast  flowrates  and  low  pressures  (on  the  order  of  a few  torr)  to 
spread  the  reaction  zone  sufficiently.  Low  pressure  is  also  necessary  for  the 
EPR  measurement  of  F-atom  concentrations.  These  conditions  result  in  axial  and 
radial  velocic/  gradients  and  radial  concentration  gradients.  In  addition,  the 
F-atom  concentration  is  measured  within  the  EPR  cavity  which  has  a finite  volume. 
Therefore,  calibration  of  the  EPP.  signal  as  a function  of  position  within  the 
cavity  was  required. 
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A rigorous  mathematical  description  of  the  fast-flow  reactor,  including  the  EPR 
cavity,  was  written  and  a computer  program  was  developed  that  permitted  accurate 
rate  constants  to  be  obtained  from  the  experimental  measurements.  It  is  shown 
that  the  axial  diffusion  terms  in  the  mathematical  equations  are  negligible. 

Titration  experiments  indicated  that  F,,  could  be  completely  dissociaced  in  the 
microwave  discharge  but  CF^  could  not.  The  recombination  of  F-atoms  on  the  reac- 
tor wall  was  negligible.  The  experimentally  measured  F-atom  decay  curves  were 
tested  against  computer- generated  curves  to  obtain  the  best  rate  constant  for 
each  reaction. 


PREFACE 


During  the  course  of  this  effort,  several  individuals,  in  addition 
to  the  authors,  made  substantial  contributions.  In  the  effort  con- 
cerned with  thermochemical  and  kinetric  analysis,  these  include 
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INTRODUCTION 

When  this  program  was  initially  formulated,  state-of-the-art  combustion-driven 
HF  chemical  laser  systems  were  typified  by  a precombustor  that  combusted  D2  and 
F?  in  excess,  with  He  as  a diluent,  to  obtain  the  high  temperature  that  dissociates 
F?  to  generate  F atoms.  (In  this  discussion,  the  term  HF  laser  refers  to  an  HF 
or  a DF  laser.  In  the  DF  laser,  H2  would  be  used  in  the  precombustor  and  would 
be  the  cavity  fuel.)  This  mixture  is  then  mixed,  in  supersonic  flow,  with  the 
cavity  fuel,  H7,  to  initiate  the  "cold"  pumping  reaction: 

F + i-L  -*•  HF*  + H 

which  provides  vibrational ly  excited  HF  in  sufficient  quantities  to  produce  the 
inversion  (partial)  required  for  a laser. 


The  overall  objective  of  this  program  was  to  find  and  evaluate  reactant  systems 
for  a combustion-driven  chemical  HF  laser  system  that  are  more  readily  handied 
than  the  F 2 (which  is  toxic  and  corrosive)  and  the  H 2 and  D 2 (which  require  cryo- 
genic storage)  that  were  utilized  in  demonstrating  that  an  HF  chemical  laser  is 
a viable  device.  Toward  this  end,  a comprehensive  program  was  formulated  in  which 
alternate  precombustor  and  cavity  fuel  reactants  were  to  be  investigated  theo- 
retically (Phase  I)  and  experimentally  (Phase  II).  It  was  realized  that  alternate 
precombustor  reactants  would  generate  and  introduce  into  the  laser  cavity  combus- 
tion by-products  different  from  those  introduced  by  the  baseline  ?^/D^/He  precom- 
bustor, and  the  effect  of  these  on  laser  performance  (through  deactivation  kinetics) 
is  an  important  issue.  Furthermore,  the  substitution  of  an  H-atom  donor  other 
than  H2  for  the  cavity  fuel  would  result  in  different  activation  kinetics  which 
would  affect  laser  performance.  Thus,  determination  of  laser  performance 
potential  (Phase  II)  became  part  of  the  program. 


Also,  because  of  the  above  and  because  there  was  initially  a dearth  of  kinetic 
data,  a substantial  part  of  the  original  program  formulation  was  devoted  to  the 
determination  of  appropriate  kinetic  rate  constants,  both  activation  and  deactiva- 
tion (Phase  III). 
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Another  important  aspect  is  that  of  the  diluent.  Helium  is  a difficult  species 
t otore  compactly,  so  alternate  diluents  were  to  be  considered  as  well  as  alter- 
nate reactants. 

I ■ mu;.,  the  execution  of  the  program,  several  changes  in  program  direction  (from  the 
.jiigtt.aL  planj  were  suggested  and  approved  as  information  relevant  to  the  overall 
objective  was  obtained  in  this  program  and  from  outside  sources.  Most  of  these 
changes  were  connected  to  the  question  of  kinetic  rates.  First,  measurement  of 
. a t e s of  deactivation  of  HF  by  a wide  variety  of  collision  partners  become  avail - 
auu,  trum  the  literature,  as  several  investigators  pursued  this  subject  prior  to 
the,  scheduled  measurement  of  such  rates  in  this  program.  Therefore,  this  effort 
i.jo  dropped.  Second,  measurements  of  the  relative  rates  of  formation  (activation) 
of  I IF  in  energetically  accessible  vibrational  states  from  a variety  of  F + HR 
pumping  reactions  also  emerged  from  the  literature  prior  to  the  scheduled  measure- 
ment ot  such  rates  in  this  program  and,  therefore,  this  effort  was  dropped. 
Noticahly  absent,  however,  were  the  very  important  overall  (global)  rates  of  HF 
generation  from  F + HR  reactions,  so  this  part  of  the  original  kinetic  effort  was 
retained,  as  reported  later. 

1 i the  original  plan,  the  effect  of  precombustor  byproducts  on  laser  performance 
was  to  be  determined  with  small-scale  CW  laser  experiments  by  "seeding"  the  base- 
line F 2 / D 9/Iie  combustor  with  the  appropriate  species,  e.g.,  for  NF~  oxidizer  in 
place  of  F7  and  a fluorocarbon  fuel  in  place  of  D^,  the  species  and  CF^  would 
be  introduced  in  appropriate  concentration  and  laser  performance  monitored.  How- 
evui,  as  measured  deactivation  rates  become  available,  it  became  clear  that  this 
technique  would  not  be  feasible  because  the  high  deactivation  rate  of  DF  (on  HF) 
compared  to  or  CF^,  coupled  with  the  relatively  high  concentration  of  DF  pro- 
duced by  the  baseline  precombustor,  would  render  the  effect  of  ^ or  CF^  unmeas- 
urable. Thus  it  became  clear  that  the  issue  of  deactivation  could  be  pursued  in 
tin.,  manner  only  if  a DF-free  combustor  could  be  developed.  Therefore,  the  effort 
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in  kinetic  rates  that  was  dropped  was  directed  toward  the  development  of  a DF- 
free  combustor.  This  would  accomplish  two  objectives: 

1.  The  acquisition  of  a baseline  combustor  for  deactivation  effect  measure- 
ments 

2.  An  alternate  reactant  precombustor  would  be  demonstrated  which  partially 
satisfies  the  end  objective  of  the  program,  directly 

A further  redirection  in  the  precombustor  reactant  investigation  effort  occurred 
late  in  the  program  when  NF^  itself  became  readily  available  and  with  the  demon- 
stration (with  in-house  funds)  that  NF^  could  be  used  in  plac  ? of  F^  in  the  sub- 
scale-sized precc  iLustor  utilized  in  the  small-scale  laser  experiment.  This  per- 
mitted direct  evaluation  of  NF^  rather  than  by  simulation. 

Another  important  issue  recognized  in  the  early  stages  of  the  program  is  connected 
with  fluid  dynamics.  The  test  hardware  was  designed  to  be  optimum  for  the  base- 
line reactant  system.  Nozzle  contours  were  designed  specifically  for  cavity 
fuel  and  for  the  molecular  weight  and  gamma  of  the  F2/D2/He  precombustor  effluent, 
lhas,  when  small-scale  laser  test  hardware  was  utilized  with  alternate  reactant 
systems,  performance  was  not  expected  to  be  optimum.  Therefore,  in  the  late  pro- 
gram redirection  in  which  HBr  was  tested  further,  provision  was  made  to  make  tests 
with  another  nozzle  system  designed  to  improve  performance  of  high  molecular  weight 
cavity  fuels. 

The  technical  considerations  outlined  above,  which  led  to  program  redirection 
several  times  during  the  course  of  the  program,  will  be  discussed  in  greater  detail 
in  the  appropriate  section  of  this  report.  Additional  introductory  remarks  on  ad- 
vanced reactants  for  chemical  lasers  are  presented  below. 

PRECOMBUSTOR  REACTANTS 

The  first  purely  chemical  HF  and  DF  lasers  reacted  F2  and  NO  in  a precombustor  to 
generate  F atoms  for  subsequent  reaction  with  the  fuel  molecules  in  a secondary 
combustion  zone  (Ref.  1).  The  supersonic  HF  lasers  that  are  currently  under 
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investigation  generally  burn  and  F 2 in  a subsonic  precombustor  to  generate 
sufficient  heat  to  dissociate  F2  to  F atoms  which  subsequently  are  reacted  with 
D?  in  a secondary  reaction  zone  (or  cavity).  The  posit: ons  at  which  the  H2  and 
D7  are  introduced  are  reversed  if  an  HF  laser  is' desired.  The  precombustor  for  a 
sunersonic  laser  is  usually  operated  under  conditions  that  result  in  the  nearly 
compxete  dissociation  of  the  unburned  F2  to  F atoms  (i.e.,  temperatures  above 
HOG  K). 

There  are  stveral  disadvantages  of  the  F2/D2/He  combustor  system.  The  reactants 
and  the  diluent  are  not  storable  as  liquids  at  ambient  temperatures.  Fluorine  is 
a toxic,  highly  corrosive  species  and  D2  is  flammable  and  potentially  explosi’  e 
when  mixed  with  air.  Furthermore,  the  heat-generating  reaction  forms  DF,  which 
is  believed  to  be  relatively  effective  in  deactivating  the  vibrationally  excited 
states  of  HF  that  are  formed  in  the  cavity.  The  problem  of  the  precombustor- 
generated DF-absorbing  light  of  lasing  frequency  is  circumvented  by  using  the 
conjugate  isotopes  of  hydrogen  as  the  precombustor  and  cavity  fuels;  however, 
the  potential  problem  of  the  mutual  deactivation  of  HF  and  DF  cannot  be  avoided 
completely  unless  a hydrogen- free  fuel  can  be  used  in  the  precombustor. 

The  baseline  cavity  fuel  (H2)  suffers  from  the  same  storage  and  hazard  character- 
istics as  D2.  Furthermore,  in  the  pumping  reaction,  H atoms  are  formed.  The  pro- 
duction of  H atoms  in  the  laser  cavity  has  potential  deleterious  effects.  First, 
the  H atom  is  apparently  a rapid  deactivator  of  vibrationally  excited  HF.  Second, 
if  there  is  DF  produced  by  the  prccombustor,  exchange  reactions  produce  ground 
state  HF  which  absorbs  HF  laser  light  and  increases  the  deactivation  rate,  particu- 
larly through  V-V  transfers.  The  types  of  lasers  of  interest  to  this  program 
usually  involve  the  use  of  three  reactants  in  addition  to  diluent.  These  will  be 
referred  to  as  the  precombustor  fuel,  the  oxidizer,  and  the  cavity  fuel. 

To  evaluate  the  potential  of  a given  reactant  system  for  an  F-atom  generator,  the 
critical  parameters  with  respect  to  operating  conditions  and  product  stream  com- 
position must  be  established.  Unfortunately,  the  state  of  the  art,  with  respect 
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to  mode.’  ing  of  the  overall  laser  system,  has  not  yet  advanced  to  the  point  where 
all  of  the  effects  of  a change  in  the  precombustor  reactants  and/or  operating 
conditions  can  be  determined.  Changing  the  precombustor  conditions  could  affect: 
(1)  the  supersonic  mixing  processes,  (2)  the  pumping  and  energy-transfer  processes 
leading  to  the  inversion,  (3)  deactivation  rates  of  the  excited  states  of  HF, 

(4)  cavity  temperature  and  pressure,  (5)  beam  quality,  and  (6)  the  amount  of  heat 
released  before  the  product  gases  reach  the  diffuser.  The  considerations  involved 
in  determining  the  favorable  precombustor  parameters  are  sometimes  quite  complex 
and  may  involve  information  and  experimental  data  that  are  not  available. 


PRECOMBUSTOR  TEMPERATURE 


To  attain  the  current  design  goal  of  keeping  the  concentration  of  undissociated 
F 2 to  a minimum  to  suppress  the  not  reaction,  precombustor  exhaust  temperatures 
on  the  order  of  1400  to  1500  K are  required  to  thermodynamically  favor  F atoms. 

In  addition,  there  are  indications  that  somewhat  higher  precombustor  temperatures 
result  in  even  higher  laser  efficiency.  This  observation  is  contrary  to  expec- 
tations, because  inversions  in  the  vibrational  energy  levels  of  HF  are  more 
easily  attainable  at  lower  rotational  temperatures  and  illustrates  the  eventual 
need  for  an  overall  model  of  the  laser  system  that  contains  all  of  the  important 
parameters  and  processes.  The  beneficial  effect  of  higher  precombustor  tempera- 
tures may  result  rather  simply  from  the  occurrence  of  less  F-atom  recombination 
as  the  hotter  precombustcr  products  pass  through  the  cavity  nozzle,  or  from  a 
more  subtle  effect  such  as  tne  effects  of  temperature  on  the  supersonic  mixing 
process . 


DILUENT  CONCENTRATION 


Empirical  results  also  show  that  optimum  laser  performance  occurs  when  4 to  8 
moles  of  diluent  are  present  in  the  cavity  per  mole  of  HF  or  DF  formed  (i.e.,  per 
mole  of  F atom  present  in  the  precombustor  exhaust).  This  diluent  generally  is 
introduced  through  the  precombustor,  presumably  to  keep  the  cavity  temperature  up. 
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The  reason  that  diluent  considerations  are  very  important  to  this  analysis  of  the 
precombustor  is  that,  in  current  precombustors,  50  to  70  percent  of  the  heat 

of  combustion  is  used  to  heat  the  diluent  rather  than  to  heat  and  dissociate  F2. 

This  results  in  the  generation  of  considerable  HI*  (or  DF) . 

It  may  not  be  possible  to  reduce  the  diluent  requirement  of  the  cavity  significantly 
in  advanced  designs.  If  lower  temperatures  in  the  cavity  are  found  to  be  suitable 
in  future  systems,  some  of  the  diluent  might  be  brought  in  with  the  fuel  or  be 
mixed  with  the  prccombustor  exhaust  just  before  expansion.  This  would  permit  the 
primary  combustion  zone  to  be  maintained  above  1400  K to  dissociate  F2.  The  dilu- 
tion of  the  exhaust  stream  would  have  to  occur  after  expansion  or  just  before  to 
prevent  F-atom  recombination  at  the  lower  temperature  and  higher  pressure. 

HF  CONCENTRATION 


The  amount  of  iIF  that  can  be  tolerated  in  the  precombustor  products  of  a DF  laser 
is  not  known.  It  will  be  seen  that  the  results  of  the  thermochemical  analysis 
indicate  that,  if  the  current  ’evels  of  HF  seriously  degrade  laser  performance, 
the  HF  concentration  can  be  reduced  by  a factor  of  three  by  replacing  the  H2  with 
ethylene  or  kerosene,  by  a factor  of  five  by  employing  acetylene  or  benzene,  and 
HT  could  be  eliminated  from  the  precombustor  exhaust  if  a hydrogen-free  fuel  such 
as  C,F^  could  be  used.  The  use  of  a hydrogen-free  fuel  would  have  another  advan- 
tage in  that  an  HF  laser  could  be  fired  without  using  deuterium  or  any  deuterated 
compounds . 


OTHER  PRECOMBUSTOR  PRODUCTS 


The  final  constraint  on  the  precombustor  that  will  be  considered  is  that  the  other 
products  of  combustion  must  not  be  detrimental  to  laser  operation.  The  results 
of  the  thermochemical  analysis  indicate  that,  at  temperatures  around  1500  K,  the 
only  products  that  are  thermodynamically  stab!*;  to  any  appreciable  extent  are  HF, 
N2,  F,  C1F,  CF^,  and  SF^  if  the  only  elements  introduced  are  H,  F,  N,  Cl,  S,  and 
C.  A few  percent  of  the  F2  remains  undissociated  but  this  can  be  eliminated  by  a 
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further  increase  in  temperature.  Other  species  such  as  NF^,  N?2>  CIFy  and  C1F,. 
will  not  be  present  in  the  exhaust  if  the  combustion  conditions  are  such  that 
the  reactions  proceed  to  equilibrium. 

None  of  the  potential  product  species  (except  HF)  are  expected  to  be  detrimental 
with  respect  to  deactivation  of  vibrationally  excited  HF  or  DF  in  the  cavity. 

Each  of  these  species  has  been  employed  satisfactorily  in  HF  lasers  operated  under 
pulsed  conditions  (Ref.  2 and  3),  and  the  rates  at  which  most  of  these  species 
deactivate  HF(1)  have  been  measured.  The  situation  as  to  whether  certain  species 
that  are  generated  in  the  precombustor  are  detrimental  to  the  overall  system  is 
more  complex.  Undissociated  F2  is  considered  detrimental  because  it  can  react 
with  H atoms  and  downstream  of  the  oscillator,  causing  heat  to  be  generated  and 
thereby  reducing  the  efficiency  of  the  diffuser. 

The  rate  at  which  a given  species  generated  in  the  precombustor  reacts  when  it  is 
in  the  cavity  will  determine  if  it  is  a suitable  precombustor  product.  In  the 
case  of  F2,  the  hot  reaction  occurs  too  slowly  to  contribute  significantly  to  the 
laser  power  (based  on  currently  accepted  rate  constants).  If  this  is  the  case, 
the  hot  reaction  is  undesirable  because  it  would  release  heat  (downstream)  without 
contributing  to  the  output  of  the  laser.  In  the  case  of  atom  abstraction,  such 
as  II  + CF;4  -*■  HF  + CF^  (AH  = -5)  and  H + SF^  HF  + SF,.,  there  is  a good  chance  that 
sufficient  activation  energy  will  be  involved  that  these  reactions  wili  not  occur 
at  the  moderate  temperatures  encountered  in  the  cavity.  Firm  conclusions  regard- 
ing the  overall  roles  of  CF^  and  SF^  in  a CW  laser  system  cannot  be  made,  however, 
until  they  have  been  tested. 

The  thermochemical  calculations  to  be  discussed  indicate  that  if  OF,.  is  employed 
as  the  oxidizer,  considerable  amounts  of  C1F  will  be  formed  in  the  precombustor. 
C1F  may  be  expected  to  behave  different.1}'  than  F2  in  two  respects.  First,  the 
heat  release  of  . reactions  resulting  from  the  reaction  of  H and  C1F  is  less 
than  60  percent  of  tv. L of  the  F2  hot  reaction.  Second,  the  H + C1F  reactions  may 
be  fast  enough  that  they  will  permit  part  of  the  excited  HF  formed  from  the  C1F 
to  contribute  to  the  output  of  the  laser.  Sufficient  rate  data  are  not  available 
to  permit  quantitative  conclusions  on  this  point  to  be  made. 
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The  above  considerations  are  inconclusive  regarding  the  possible  role  of  the  C1F 
formed  in  the  precombustor  from  C1F,-  with  respect  to  the  overall  efficiency  of 

the  laser.  However,  C1F  is  not  expected  to  reduce  laser  output. 

\ 

This  discussion  of  the  various  constraints  that  are  imposed  on  the  precombustor 
parameters  has  served  to  indicate  the  types  of  considerations  that  are  important 
in  assessing  the  potential  of  advanced  oxidizers  and  precombustor  fuels.  Firm 
conclusions  cannot  be  made  at  present  concerning  many  of  these  constraints  because 
of  the  diverse  and  complex  manner  in  which  the  precombustor  parameters  can  affect 
the  cavity  reactions  and  the  overall  laser  performance.  It  appears  that  the  re- 
quirement for  the  precombustor  to  heat  considerable  diluent  gas  and  maintain  ex- 
haust temperatures  well  in  excess  of  1400  K should  not  necessarily  be  expected  to 
be  decreased  in  future  systems.  The  amount  of  HF  that  can  be  tolerated  in  the  pre- 
combustor products  is  unknown,  but  a decrease  in  precombustor-formed  HF  will 
probably  be  required  to  optimize  the  system.  The  N ^ and  CF^  that  are  produced  in 
the  precombustor  reactions  when  nitrogen  and  carbon  are  present  in  the  reactants 
are  not  expected  to  be  detrimental.  The  C1F  that  is  formed  when  C1F,.  is  employed 
is  not  expected  to  reduce  the  output  of  the  laser,  but  this  must  be  established 
experimentally. 

CAVITY  FUELS 

The  basis  for  the  consideration  of  alternate  cavity  fuels  is  replacement  of 
with  another  H atom-bearing  reactant.  Reactants  considered  for  this  substitution 
must  react  with  F atoms  with  sufficient  energy  to  produce  vibrational  excitation 
in  the  HF  product,  preferably  about  32  kcal/mole  or  greater  to  compete  with  H2, 
and  must  be  more  readily  handled  and/or  stored  than  Hj.  Classes  of  reactants 
considered  are  hydrogen  halides,  hydrocarbons,  and  partially  halogenated 
hydrocarbons . 
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The  heats  of  reaction  available  for  vibrational  excitation  of  HF  for  the  hydrogen 
halide  that  will  be  considered  are: 

AH,  kcal/mole  (298  K) 

F + HC1  + HF (0)  + Cl  -33 

F + HBr  HF  (0)  + Br  -49 

F + HI  ->  HF  (0)  + I -65 

The  heat  of  reaction  of  F atoms  with  HC1  is  about  the  same  as  with  H2,  and  that 
with  HBr  and  HI  is  greater.  Thus,  it  is  expected  that  these  reactions  would  pro- 
vide vibrationally  excited  HF  and  both  pulsed  laser  (HC1,  HBr,  and  HI)  and  CW 
laser  results  (HC1  or  HBr)  have  shown  this  to  be  the  case.  All  of  these  hydro- 
gen halides  can  be  considered  as  storable,  although  there  may  be  decomposition 
problems  with  HI. 

A variety  of  hydrocarbons  can  be  considered  in  the  reaction 
F + HR  + HF*  + R 

The  heat  of  this  type  ox  reaction  is  expected  to  be  near  that  of  F + H2,  thus  pro- 
viding sufficient  energy  to  produce  vibrationally  excited  HF.  Several  such  reac- 
tions have  been  shown  to  produce  lasing  in  pulsed  chemical  lasers  (Ref.  4 and  5) 
and  a list  of  those  selected  for  this  program  is  shown  later.  The  absence  of  H 
atoms,  a species  that  can  deactivate  HF*  readily,  is  expected  to  be  beneficial  to 
laser  performance. 

Those  reactants  shown  above  and  the  partially  halogenated  hydrocarbons  are  rela- 
tively easily  handled  and  some  are  readily  stored.  Determining  whether  a specific 
reactant  produces  sufficient  inversion  of  excited  vibrational  states  for  lasing 
is  the  subject  of  investigation  under  Phase  II  of  this  program. 


29 


PROGRAM 


To  accomplish  the  evaluation  of  new  reactants  for  the  CW  HF  chemical  laser,  the 
work  on  the  program  was  divided  into  three  phases,  each  being  further  divided  into 
tasks  as  follows: 

Phase  I:  Thermochemical  and  Kinetic  Analysis 

Task  1-1.  Thermochemical  Analysis  (Precombustor) 

Task  1-2.  Kinetic  Analysis  (Cavity) 

Phase  II:  Experimental  Laser  Tests 

iiF-Free  Combustor  Tests 
Small-Scale  Laser  Tests 

• Cavity  Fuel  Evaluation 

• Advanced  Fuel  Evaluation 

Phase  III:  Kinetic  Measurements--Global  Pumping  Rates 


The  work  reported  herein  is  organized  in  the  same  fashion. 


PHASE  I:  THERMOCHEMICAL  AND  KINETIC  ANALYSIS 

To  determine  which  advanced  precombustor  and  cavity  reactants  warrant  experimental 
study,  the  first  phase  of  the  prograjn  was  a theoretical  analysis  of  the  thermo- 
chemistry of  F-atom-generating  combustion  processes  and  c-f  the  kinetics  and  mech- 
anisms of  cavity  reactions.  The  specific  objectives  of  this  phase  were:  (1)  to 

determine  the  expected  composition  of  the  precombustor  gas  when  reactants  other 
than  the  baseline  reactants  F’2-D7-He  are  employed  and  (2)  to  predict  the  effects 
of  the  precombustor  products  and  the  use  of  cavity  fuels  other  than  H7  on  the 
kinetics  of  the  very  fast  pumping  and  deactivation  reactions  that  occur  in  the 
cavity  and  on  the  zero  power  gain  of  the  HF  laser. 

The  thermochemical  calculations  permit  the  final  gas  composition  and  temperature 
to  be  predicted,  assuming  that  all  chemical  reactions  go  to  completion  and  the 
reactor  is  adiabatic.  The  temperature  and  composition  of  the  exhaust  from  an 
actual  combustor  will,  of  course,  be  affected  somewhat  by  hear  losses  and  com- 
bustion efficiency  (i.e.,  the  degree  to  which  the  chemical  reactions  approach 
equilibrium).  Most  of  the  systems  under  consideration  are  expected  to  demon- 
strate satisfactory  combustion  efficiencies  if  the  adiabatic  flame  temperatures 
are  approached  but,  with  some  of  the  reactant  combinations  (e.g.,  N^O-F^),  it  may 
be  difficult  to  obtain  ignition  and/or  sustained  combustion.  These  practical 
considerations  will  not  be  discussed  further  in  this  section. 

There  are  some  uncertainties  in  the  thermochemical  data,  particularly  in  the  heat 
of  formation  of  SOF'4  but,  in  most  cases,  the  thermochemical  calculations  should 
indicate  the  F-atom  concentrations  and  temperatures  that  can  be  approached  if 
relatively  efficient  combustion  can  be  achieved.  In  addition,  the  major  combus- 
tion products  will  be  identified  so  that  consideration  can  be  given  to  their 
possible  detrimental  effects  on  laser  efficiency.  A detailed  thermochemical 
analysis  was  conducted  which  permits  the  thermochemical  properties  of  the  indi- 
vidual fuels,  oxidizers,  and  diluents  to  be  related  to  the  reactant  ratios  and 
temperature  required  to  obtain  a given  concentration  of  F-atoms.  A summary  of 
the  results  of  the  thermochemical  analysis  to  be  described  in  this  section  has 
been  reported  elsewhere  (Ref.  6). 


Although  only  deuterated  or  hydrogen-free  combustor  fuels  can  be  considered  for 
an  'If  laser  (because  the  introduction  of  ground-state  HF  into  the  cavity  would 
be  very  detrimental  to  laser  efficiency),  the  thermochemical  analysis  was  carried 
out  for  nondeuterated  fuels.  The  isotope  effect  on  combustor  thermochemistry 
(zero-point  energy  differences)  is  small  enough  that  the  conclusions  obtained  will 
be  approximately  correct  for  deuterated  fuels.  The  calculations  apply  exactly  to 
a DF  lassir,  since  it  does  not  require  deuterated  combustor  fuels,  and  to  an  HF 
laser  when  only  hydrogen-free  fuels  are  considered. 

The  kinetic  code  calculations  conducted  under  this  program  of  the  rates  of  the 
various  cavity  reactions  were  completed  before  an  efficient  mixing-kinetic  code 
had  become  available.  The  results  obtained  using  the  premixed  approximation  give 
some  insight  into  which  chemica.  and  energy  transfer  processes  are  the  more  im- 
portant to  laser  efficiency,  but  neglect  certain  physical  processes  that  may  be 
more  important  or  even  efficiency  limiting  (e.g.,  effects  of  molecular  weight  on 
mixing  within  the  cavity).  Also,  the  predictions  made  from  the  kinetic  code  cal- 
culations must  be  considered  as  approximate  because  rate  parameters  had  not  been 
measured  for  many  of  the  important  chemical  and  energy  transfer  processes  re- 
quiring that  estimates  be  employed.  Values  for  several  of  these  rate  constants 
have  become  available  since  the  initial  calculations  were  made.  Some  of  these 
new  kinetic  data  were  obtained  in  experiments  conducted  under  Phase  III  of  this 
program. 

The  kinetic  discussion  in  this  section  is  intended  to  apply  mainly  to  an  HF  laser 
in  which  deuterated  fuels  (or  other  hydrogen  atom-free  reactants)  are  employed  in 
the  precombustor.  This  choice  was  made  because  the  estimated  rate  constants  that 
were  available  applied  mainly  to  such  a system.  The  results  of  the  kinetic  cal- 
culations are  expected  to  relate  generally  to  DF  lasers  also,  but  some  rather 
large  isotope  effects  may  be  involved  in  the  initial  distribution  of  vibrational 
energy  and  in  the  rates  of  the  energy  transfer  (deactivation)  processes. 
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TASK  1-1.  THERMOCHEMIC.V  ANALYSIS  (PRECOMBUSTOR) 


Because  only  cavity  pumping  reactions  of  the  type: 

F + HJ  = HF  (V)  + J (1-1) 

F + DJ  = DF  (V)  + J (1-2) 

are  of  interest  to  this  program,  the  precombustor  conditions  required  to  disso- 
ciate F0  almost  completely  to  atoms  will  be  considered.  This  will  be  followed  by 
an  analysis  of  the  thermochemistry  involved  in  the  production  of  F-atoms  from 
various  combinations  of  advanced  fuels  and  oxidizers. 


Conditions  for  F^  Dissociation 

Because  the  fluorine  molecule  has  a bond  dissociation  energy  of  only  38  kcal/mole 
(Ref.  7),  F2  dissociates  almost  completely  to  atoms  at  moderate  temperatures. 

F'2  is  99  percent  dissociated  at  1560  K,  for  example,  if  chemical  equilibrium  pre- 
vails and  the  fluorine  atom  partial  pressure  is  1 psia.  It  is  possible  therefore, 
to  generate  large  concentrations  of  F-atoms  in  combustion  processes  and  this  has 

been  recognized  for  some  time.  For  example,  in  the  F -Cl,  flame,  which  has  a 

'Ll 

maximum  speed  when  the  reactants  contain  9.6-percent  excess  F^  (Ref.  8),  the 
calculated  equilibrium  F-atom  partial  pressure  reaches  / .s  maximum  (about  1.5 
psia,  Fig.  1)  at  this  mixture  ratio  with  the  F2  about  two-thirds  dissociated 
at  an  adiabatic  flame  temperature  of  1250  K and  a total  pressure  of  1 atmosphere. 


The  equilibrium  constant  for  the  reaction: 


= F + F 


(1-3) 


is  defined  as  Kp  = Pp  /Pp  where  Pp  and  Pp  are  the  partial  pressures  of  F-atom 
and  F^,  respectively.  The  value  of  was^calculated  at  various  temperatures 
from  available  thermochemical  data  (Ref.  9)  and  the  extent  of  dissociation 
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calculated  using  the  stoichiometric  relationship  and  the  above  equilibrium  ex- 
pression. Such  calculations  gave  the  results  plotted  in  Fig.  2 for  the  extent 
of  dissociation  of  fluorine  as  a function  of  temperature  and  total  partial  pres- 
sure of  F^  and  F.  The  format  of  this  semilog  plot  is  designed  to  permit  both 
large  and  small  extents  of  dissociation  to  be  read  accurately.  The  percent  F^  dis- 
sociated is  plotted  on  a logarithmic  scale  up  to  5C-percent  dissociation  and  then 
the  percent  F,,  undiss^ciated  is  plotted  for  larger  extents  of  dissociation.  Thus, 
the  portions  of  the  curves  with  positive  slope  represent  percent  dissociated 
and  those  portions  with  negative  slope  denote  percent  undissociated.  The  indivi- 
dual curves  represent  total  partial  pressure  (Pp  + Pp  ) of  from  0.01  to  100  psia. 


The  extent  of  dissociation  increases  with  temperature  and  decreases  with  increasing 
total  partial  pressure  of  F and  F2.  A typical  combustor  condition  of  30  psia  and 
10  mole  percent  F-atom  corresponds  to  the  3-psia  curve  when  the  F^  is  mostly  dis- 
sociated. Under  these  conditions,  90  percent  of  the  F^  is  dissociated  at  1410  K, 

95  percent  at  1490  K,  and  99  percent  at  1710  K.  Other  selected  results,  read  from 

Fig.  2,  are  listed  in  Table  I where  It  can  be  seer  that  increasing  the  total 
combustor  pressure  or  the  extent  of  F2  dissociation  affects  the  combustor  tem- 
perature required  to  give  a 10-percent  F-atom  concentration  as  follows: 


Percent  F2  P^  = 3 psia 

Dissociated  Pp  =0.3 


Pt  = 30  psia  Pt  = 300  psia 
PF  = 3 Pp  = 30 


95  1280*  1490* 
99  1430  1710 
99.9  1710  2130 


1800* 

2130 

2800 


TABLE  I.  FLUORINE  DISSOCIATION  AS  A FUNCTION  OF  TEMPERATURE  AND 
TOTAL  PARTIAL  PRESSURE  (Pp  + Pp  ) 


?F  2 

Tenperature, 

K (For  Given 

Percent 

Dissociation] 

psia 

torr 

0.1 

1 

S 

10 

so 

90 

95 

99 

99.9 

100 

5210 

76  S 

930 

1100 

1190 

1510 

1870 

2030 

2430 

>3000 

30 

1560 

730 

880 

1030 

1110 

1390 

1690 

1800 

2130 

2800 

10 

521 

700 

840 

980 

1050 

1290 

1S40 

1650 

1910 

2440 

3 

156 

670 

800 

920 

985 

1200 

1410 

U90 

1710 

2130 

: 

52.  1 

6-*5 

765 

880 

940 

1130 

1310 

1370 

1S60 

1910 

0 3 

1S.6 

62S 

730 

830 

885 

1050 

1220 

1280 

1430 

P10 

0. 1 

S.  21 

610 

700 

795 

845 

1000 

1135 

1190 

1310 

1S60 

0.03 

1.6 

5S0 

670 

755 

80C 

940 

10^0 

1110 

1220 

1430 

0.01 

o.s: 

560 

(10 

%'S 

765 

890 

* 

0 

0 

1040 

mo 

1 32S 

*Pp+  Pp  = 1.026  Pp  at  95-percent  dissociation,  but  reglecting  the  presence  of 
the  F2  re.ults  in  a temperature  error  of  only  a few  degrees. 
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Figure  2.  Extent  of  Fluorine  Dissociation  at  Chemical  Equilibrium  as  a Function 
of  Temperature  and  Total  Pressure  of  F atoms  and  F„  Molecules 


At  large  extents  of  F^  dissociation,  the  percent  F^  undissociated  is  approximately 
proportional  to  the  F-ato.m  concentration  at  a given  temperature.  At  1900  K,  for 
example,  0.01  percent  is  undissociated  when  Pp  = 0.1  psia  (Fig.  2),  0.1  percent 
at  1 psia,  1 percent  at  10  psia,  and  about  9 percent  at  P_  = 94.5  psia  (Pp  + P = 
100)  . This  relationship  can  be  predicted  by  changing  the  equilibrium  expression, 

O 

K = P"/Pp_,  to  the  form  200  • Pr0/P„  = 200*  P„/K  and  noting  that  K is  constant 
p F 2 2 F Pp  P 

at  a given  temperature  (h  = 1920  psia  at  1900  K)  and  the  percent  F2  undissociated 
is  equal  to  200  • Pp0/(Pp  + 2*  Pp9),  which  becomes  approximately  200*  Pf >/Pp  at 
large  extents  of  dissociation. 
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Dissociation  of  F„  to  the  extent  of  95  to  99  uercent  is  believed  to  be  sufficient 
for  satisfactory  laser  operation.  Therefore,  temperatures  in  excess  of  2000  K 
would  not  be  required  even  if  combustor  pressures  as  h’gh  as  300  psia  were  employed. 

Advanced  Precombustor  Reactants 


Oxidizers  and  fuels  of  potential  interest  for  the  chemical  generation  oi  F-atoms 
are  listed  in  Table  H.  It  will  be  shown  that  the  major  exothermic  combustion 
reactions  in  the  presence  of  excess  oxidizer  are  those  in  which  the  strong  bonds 
C-F,  H-F,  S-F,  and  N=N  (NJ  are  formed.  PF^  is  also  included  in  Table  II  because 
it  can  be  oxidized  exothermically  to  PF,..  It  will  be  shown  that  the  decomposition 
of  the  nitrogen  oxides,  N?0  and  NO,  to  and  0?  is  also  a potential  source  of 

heat  for  dissociating  the  oxidizers  to  F-atoms.  It  may  be  difficult,  however,  to 
sustain  a nitrogen  oxide  adiabatic  decomposition  flame. 


TABLL  II.  OXIDIZER/FUEL  COMBUSTOR  REACTANT  SYSTEMS 


Fuels 


Hydrocarbons : 


CH,,  methane 
4 

(CH2)x(CH3)2>  saturated 


(CH2)x>  alkenes  and  cyclic  saturated 
(CH)  , Acetylene  and  benzene 

X 


Perfluorohydrocarbons  (fluorocarbons) 


The  number  of  promising  oxidizers  is  limited.  NF3  is  much  less  reactive  and 
toxic  than  is  fluorine  and  there  is  considerable  interest  in  this  oxidizer  for 
those  reasons.  The  oxidizers  C1F;.  and  C1F3  have  been  developed  as  storable  rocket 
propellants.  They  are  at  least  as  reactive  as  fluorine  and  their  use  involves 
similar  hazards.  However,  ClFj.  and  C1I:3  can  be  stored  as  liquids  at  ambient  tem- 
perature, leading  to  the  possibility  of  development  of  a liquid-reactant  chemical 
HF  or  DF  laser.  The  use  of  C1F3  as  the  oxidizer  in  conjunction  with  liquid  fuels 
for  the  precombustor  and  cavity  could  eliminate  the  need  for  low-temerature  or 
high-pressure  storage  conditions  except  for  the  diluent,  N2F4  is  partially  con- 
densible but  its  availability  is  limited. 


The  number  of  precombustor  fuels  that  can  be  considered  is  almost  limitless  be- 
cause all  of  the  hydrocarbons  and  fluorocarbons  have  the  potential  to  undergo 
strongly  exothermic  reactions  with  any  of  the  oxidizers.  It  should  be  possible, 
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therefore,  to  choose  a precombustor  fuel  with  almost  any  desired  physical  pro- 
perties. It  will  be  shown  that  the  combustion  of  hydrazine  or  ammonia  produces 
as  much  or  im  re  of  the  undesirable  precombustor  product  HF  as  does  H9.  However, 

HF  production  would  be  greatly  reduced  if  a hydrocarbon  were  employed  as  the  fuel, 
the  greatest  reduction  being  achieved  with  the  least  saturated  of  the  hydrocarbons, 
and  eliminated  if  a hydrogen-free  fuel  (such  as  CS_,  cyanogen,  PF7,  or  a fluoro- 

L O 

carbon)  were  used. 

Adiabatic  Temperature  and  F-Atom  Concentration 

In  an  idealized  combustcr  in  which  (1)  all  reactants  are  introduced  at  the  same 
temperature*,  (2)  the  reactor  is  adiabatic,  and  (3)  the  final  pressure  is  defined, 
there  are  two  independent  variables  in  a three-component  oxidizer/fuel/diluent 
system.  Therefore,  a given  final  temperature  can  be  attained  with  an  indefinite 
number  of  reactant  ratios  (provided  the  temperature  does  not  exceed  the  maximum 
attainable) . If,  however,  both  the  final  temperature  and  F-atom  concentration 
are  defined,  only  one  set  of  reactant  mole  fractions  can  give  this  condition. 

A series  of  calculations  was  made  with  the  Rocketdyne  Thermochemical  Computer 
Code  to  investigate  the  temperatures  and  F-atom  concentrations  that  can  be  attained 
with  various  reactant  mixture  ratios.  These  data  should  be  useful  in  determining 
precombustor  conditions  for  the  testing  of  advanced  reactant  systems.  Five  reactant 
systems  were  selected  for  these  calculations:  F2  (g)  -H2(g)  -He  (g) , C1F5($0-NH3(JI)- 

He(g) , C1FSU)-C6H6U)-He(g),  C1F5(£)-C6F6(A)-He(g),  and  C1F,.  (£)«CS?(£)-He(g)  . 

The  computer  code,  described  in  Appendix  A,  minimizes  the  free  energy  of  the 
system  at  constant  enthalpy. 

The  results  of  these  calculations,  made  at  a pressure  of  30  psia,  are  plotted  in 
terms  of  F-atom  concentration  as  a function  of  temperature  in  Fig.  3 through  7**, 

The  calculations  were  carried  out  at  fixed  oxidizer-to-fuel  molar  ratios  (the 


*A11  reactants  are  assumed  to  be  at  298  K in  the  calculations  carried  out  in 
this  section. 

**For  convenience,  Fig.  3 through  127  have  been  placed  at  the  end  of  Phase  I, 
starting  ori  page  129. 
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solid  curves  in  the  figures)  at  various  mole  percent  helium  (the  intersections 
of  the  solid  and  dotted  curves) . Interpolation  of  these  curves  permits  the  mix- 
ture ratios  to  be  estimated  that  are  required  to  obtain  a given  combustor  exhaust 
condition.  It  can  be  seen  from  Fig.  3,  for  example,  that  to  achieve  a tempera- 
ture of  1800  K and  5 mole  percent  F-atoms,  the  ^2^2  rat-*-°  must  be  about  1.37  with 
84  percent  helium.  To  attain  this  condition  with  CIF^  and  benzene  (Fig.  5)  re- 
quires a CIF^/C^H^  ratio  of  about  8.1  and  91  mole  percent  helium. 

Listed  at  the  intersections  of  the  curves  in  these  plots  is  information  regarding 
the  concentrations  of  selected  reactor  products  relative  to  the  F-atom  concentra- 
tion at  that  condition.  These  values  show  some  interesting  trends.  In  Fig.  3, 
for  example,  it  can  be  seen  that  increasing  the  F-atom  concentration  at  a fixed 
temperature  of  1800  K decreases  the  ratio  HF/F.  This  is  because  the  ^2^2 
ratio  increases  and  the  helium  concentration  decreases  to  maintain  constant  tem- 
perature. On  the  other  hand,  increasing  temperature  at  constant  F-atom  concentra- 
tion increases  HF/F  because  both  the  F2/H2  rat*°  anc*  tl*e  mole  fraCtion  of  helium 
must  decrease. 

Precombustor  Products  as  a Function  of  Temperature 

Two  series  of  calculations  were  made  with  each  of  the  selected  reactant  systems 
to  determine  the  complete  product  distributions  as  a function  of  temperature 
under  conditions  (reactant  mixture  ratios)  that  produce  5 and  10  percent  F-atoms, 
respectively.  The  conditions  were  selected  by  interpolation  of  Fig.  3 through 
7 . A subroutine  was  added  to  the  Thermochemical  Computer  Code  to  store  the  re- 
sults of  each  calculation  and  then  plot  automatically  the  product  distributions 
for  each  series.  These  plots  are  shown  in  Fig.  3 through  17. 

The  thermochemical  calculations  established  that  at  temperatures  between  1000  and 
1500  K,  none  of  the  products  except  F^  are  appreciably  dissociated.  The  thermo- 
dynamically favored  products  in  this  temperature  range  (in  the  absence  of  oxygen) 
are  HF,  , C1F,  CF^,  and  SF^.  As  the  temperature  of  the  calculations  is  increased 
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above  1500  K,  the  species  Cl,  Cl0,  and  SF^  begin  to  appear  in  appreciable  quanti- 
ties as  the  following  endothermic  reactions  shift  to  the  right: 


CIF 

= Cl  + F 

(1-4) 

2C1F 

= Cl  + 2F 

(1-5) 

SF6 

= SF  + 2F 
4 

(1-6) 

The  use  of  CIF,.  in  place  of  F^  increases  the  fraction  of  available  fluorine  that 
must  be  combusted  to  attain  a given  temperature  (see  later  discussion) , thereby 
requiring  the  formation  of  more  HF  when  H9  or  NH^  is  employed  as  the  precombustor 
fuel.  The  amount  of  HF  formed  can  be  reduced,  however,  by  the  use  of  a hydro- 
carbon fuel  because  much  of  the  heat  of  combustion  then  comes  from  the  formation 
of  CF. . This  situation  is  demonstrated  in  Fig.  18  and  19.  These  curves  are 
reproduced  from  the  previous  figures  in  the  series  for  comparison  on  a single  plot. 
It  may  be  seen  also  from  the  results  of  these  calculations  (Fig.  10  thn  lgh  17) 
that  C1F  does  not  dissociate  at  temperatures  up  to  about  1600  K,  resulting  in 
large  amounts  of  C1F  being  introduced  into  the  cavity  if  CIF^  were  to  be  employed 
as  the  oxidizer.  It  is  not  known  if  C1F  has  a detrimental  effect  on  laser  effi- 
ciency but  it  has  a potential  to  undergo  reaction  with  H atoms  and  with  Cl  atoms 
in  the  cavity.  The  deactivation  of  HF(1)  by  C1F  has  been  reported  (Ref.  10)  to 
have  a rate  constant  of  only  730  torr/sec  (or  1.4  x 10  (moie/cc)  * sec  *). 

Direct,  deactivation  by  C1F  in  the  cavity  should  not  be  a problem. 

The  relative  product  concentrations  from  Fig.  8 through  17  are  compared  in 
Table  III  at  1500  and  2000  K.  The  species  concentrations  are  listed  relative  to 
the  F-atom  concentration  at  the  same  condition.  This  ratio  is  used  because  nearly 
every  F-atom  is  expected  to  form  an  excited  HF  (or  DF)  molecule  in  the  cavity. 
Therefore,  the  precombustor  C1F/F  ratio,  for  example,  will  be  approximately  the 
ClF/liF  ratio  in  the  cavity.  It  can  be  seen  from  Table  III  that  C1F,.-NH,  forms 
even  more  HF  than  does  ?2~^2’  ^ut  t*le  Proc*uction  can  t>e  reduced  by  more 

than  a factor  of  4 by  using  benzene  as  the  fuel  rather  than  ammonia.  Nearly  all 
of  the  chlorine  in  CIF,.  forms  CiF  at  1500  K,  but  most  of  it  forms  Cl  atoms  at 
2000  K.  All  of  the  carbon  forms  CF^  (in  these  oxygen- free  systems)  with  more 
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being  formed  .it  2000  K because  more  fuel  must  be  combusted  to  reach  this  tempera- 
ture. Any  sulfur  present  in  the  reactants  forms  SF^  at  1500  K and  SF^  at  2000  K. 

The  rates  at  which  various  species  deactivate  HF(1)  at  300  K are  listed  in  Table  IV. 
The  rates  in  this  table  are  the  sum  of  V-T-R  and  V-V  processes  (except  for  HF) . 

It  can  be  seen  that  the  expected  precombustor  products  CIF,  CF^ , N2> 02> SF^,  and  He 
are  relatively  ineffective  in  deactivating  vibrationally  excited  HF  and  should  not, 
therefore,  be  detrimental  to  laser  efficiency.  C1F,  CF^,  and  0 ^ do  deactivate 
HF  faster  than  does  helium  but  considerable  concentrations  of  these  species  can 
probably  be  tolerated.  On  the  other  hand,  HF  and  DF  deactivate  HF  sufficiently 
rapidly  (via  V-T,R  processes)  that  their  presence  in  the  precombustor  exhaust  is 
very  likely  to  be  detrimental. 

TABLE  IV.  RATE  OF  DEACTIVATION  OF  HF(i)  BY  VARIOUS  SPECIES  AT  300  K 

(V-V  + V-T,R  except  for  HF) 


Species 

Rate  Constant 

References 

torr  * sec  * 

(mole/ce)’1  sec’1 

h2o 

CIF, 

DF 

HF 

cyclo-CjH6 

n"C4l‘lO 

C2H6*  SH8 

ch4,  c2h2,  c2h4 

C02 

H2 

HC1 

HBr 

NO 

HI 

CO 

CIF 

CF4 

N2 

°2 

nf3 

F2 

SF,,  He,  Ar 
o 

4 x 106 

1.1  x 10S 
7 x 104 
1.3  x 105 

6. 1-8.7  x 104 

3.2  x 105 
1.7  x 10® 

5-13  x 104 
4-6  x 104 
4-7  x 104 
2 x 104 
1.7-2. 9 x 104 
7500 
6100 
3500 

1800-2500 

730 

420 

140 

350 

45 

< 300 

< 100 
<60 

7 x 1013 

12 

2.0  x 10^ 

12 

1.3  x 101Z 

12 

2.6  x 10“ 

1.1-1. 6 x 1012 
12 

6 x 10 

12 

3.2  x 10 
9-24  x 10U 
7-11  x 10U 
7-13  x 10U 
4 x 10U 
3-3  x 10U 

1.4  x 1011 

1.1  x iO11 

7 x 1010 

3. 3-4. 6 1010 

1.4  x IO10 

8 x IO9 

9 

3 x 10 

9 

7 x 10 

8 x 10® 

<6  x IO9 
< 2 x 109 
<1.1  x 109 
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19 

14,  16 
21 

16,18,19 

19 

19 

19,  44 
19,  44 
14,13,42 
i4, 16, 42, 44 
14,  21 
14,  21 
14,43 
21 

14,  43 

10 

19 

14,  42 
43 
14 
19 

19,  4S 
16,18,19,42 
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| Nitrogen  Oxide-Oxidizer  Reactant  Systems 

| 

i 

[ 

l 

| The  nitrogen  oxides  NO  and  N^O  decompose  exothermically  forming  products  that  are 

j relatively  thermodynamically  stable  in  the  presence  of  F-atoms.*  The  theoretical 

1 

' adiabatic  decomposition  temperature  is  1930  K for  N^O  and  >2500  K for  NO.  There- 

, fore,  in  a mixture  containing  a minor  amount  of  fluorine  oxidizer,  the  oxidizer  will 

be  dissociated  to  F-atoms  if  all  chemical  reactions  proceed  to  equilibrium.  Thermo- 
chemical calculations  were  conducted  for  N^O-oxidizer  and  NO-oxidizer  systems 
: although  it  has  not  been  demonstrated  that  such  systems  will  undergo  steady-state 

i combustion.** 


These  two  component  systems  have  only  one  independent  variable.  Therefore,  spe- 
cifying any  one  of  the  parameters  (mixture  ratio,  final  temperature,  or  F-atom 
concentration)  determines  the  others.  Plotted  in  Fig.  20  are  the  F-atom  con- 
centrations (calculated  using  the  Thermochemical  Computer  Code)  that  can  be  at- 
tained at  various  temperatures  with  the  systems  N20-F2,  N20-NF3,  N20-C1F5>  Hp~SF***t 
NO-NF,,  and  N0-C1F5  and  NO-SF6.  The  small  numbers  listed  on  these  curves  at  var- 
ious points  represent  the  molar  mixture  ratio  of  reactants  (nitrogen  oxide  to 

fluorine  compound)  required  to  reach  a given  temperature.  It  can  be  noted  that 
at  high  molar  ratios,  each  curve  becomes  linear  with  a slope  such  that  it  would 
intersect  the  abscissa  at  the  adiabatic  flame  temperature  if  extrapolated  to  zero 
F-atom  concentration  (pure  nitrogen  oxide). 

The  theoretical  reaction  products  are  plotted  as  a function  of  temperature  for 
these  systems  in  Fig.  21  through  27.  In  all  systems,  the  concentration  of  FNO 
decreases  rapidly  with  temperature  as  the  endothermic  reaction: 


FNO  = F + NO 


d-7) 


*It  will  be  shown  that  small  amounts  of  FNO  do  form  theoretically  from  F,  N , and 
O2  at  lower  combustion  temperatures.  ^ 

**lhe  thermal  decomposition  of  N2O  is  catalyzed  by  halogens  (Ref.  11  and  12) 
suggesting  that  an  NjO-oxidizer  mixture  may  burn  better  than  NO  alone. 

***SF,  is  classed  as  an  "oxidizer"  in  this  discussion. 
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shifts  toward  NO.  In  the  N^O-ClFj.  and  NO-ClFg  systems,  the  C1F  again  dissociates 

mainly  to  Cl  atoms  at  the  higher  temperature.  In  the  N20-SF  system,  the  F-atom 

concentration  increases  with  temperature  below  about  1600  K,  even  though  the 

fraction  of  SF,  in  the  reactants  is  decreasing.  This  is  because  SF.  is  stable 
o o 

at  1500  K but  dissociates  appreciably  at  1600  K. 

The  NO-oxidizer  systems  yield  higher  calculated  F-atom  concentrations  (Fig.  20) 
because  the  larger  heat  of  decomposition  of  NO  permits  a given  temperature  to  bt 
attained  with  a much  higher  fraction  of  oxidizer  in  the  reactant  mixture.  Also, 
the  NO-SFg  system  reaches  maximum  F-atom  concentration  at  a higher  temperature 
than  N^-SF^  because  the  molar  reactant  ratio  increases  more  slowly  with 
temperature . 

Heat  of  Formation  of  SOF, 

4 


The  results  of  the  thermochemical  calculations  on  the  systems  N’20-SF6  and  NO-SF^ 
depend  on  the  heat  of  formation  that  is  assigned  to  SOF4>  Calculations  with  the 
Thermochemical  Code  indicate  that,  if  the  AH2gg  of  SOF^  is  -254  kcal/mole,  as 
estimated  by  Wilkins  (Ref.  15),  SOF^  is  the  expected  major  sulfur-containing 
product  from  the  binary  reactant  systems  N20-SF6  and  NO-SF^.  However,  unpublished 
data  obtained  by  C.  M.  Merrill  indicate  that  the  heat  of  formation  of  SOF^  cannot 
be  more  negative  than  about  -228  kcal/mole.  In  addition,  thermochemical  calcula- 
tions made  at  AFRPL  show  that  revision  of  this  heat  of  formation  to  -230  or  greater 
results  in  S02F2  being  favored  thermodynamically  over  SOF^. 

This  situation  has  been  reviewed  in  some  detail  and  the  results  obtained,  which 
are  in  agreement  with  the  calculations  made  at  AFRPL,  are  presented  below.  It 
will  be  shown  that  possible  empirical  methods  for  estimating  the  heat  of  formation 
of  SOF^  lead  to  a wide  range  of  predicted  values  (none  of  which  approach  the  value 
of  -254),  but  structural  considerations  suggest  a value  less  negative  than  -235  in 
agreement  with  the  experimental  observations.  The  Rocketdyne  thermochemical  data 
tape  has  been  changed  to  include  a value  of  -225  kcal/mole  for  the  heat  of  forma- 
tion of  SOF^  and  this  value  was  used  in  the  calculations  shown  in  Fig.  20,  26, 
and  27, 
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Experimental  Stability  of  SOF4.  Dr.  C.  M.  Merril  of  AFRPL  synthesized  SOF4  some 
years  ago  while  at  the  University  of  Washington.  He  observed  that  when  SOF4  was 
held  overnight  at  521  C it  converted  spontaneously  and  apparently  quantitatively 
to  a mixture  of  SO-F„  and  SF„ , via  the  reaction: 

£.2  o 


2 S0F4  = S02F2  + SF6  (1-8) 


The  absence  of  unreacted  SOF4  was  determined  by  infrared  analysis . This  method 
can  detect  a concentration  of  less  than  1 percent.  The  following  table  illustrates 
the  effect  of  the  heat  of  formation  of  SOF4  on  the  heat  of  the  above  reaction  and 
on  the  mole  fraction  of  SOF4  remaining  at  equilibrium  at  800  K (assuming  that  the 
other  thermochemical  data  used  in  the  calculation  are  accurate) . 


Mole  Fraction  S0F4 
at  Equilibrium 

AH 

(Eq.  1-8) 

*Hf,298SOF4 

0.0001 

-32.5 

-220.3 

0.0001 

-25.2 

-224.0 

0.01 

-17.9 

-227.7 

0.10 

-10.2 

-231.5 

0.25 

-6.8 

-233.2 

0.50 

-3.3 

-235.0 

0.75 

+0.2 

-256.7 

0.90 

+3.7 

-238.5 

0.95 

+6.1 

-239.6 

0.99 

+11.3 

-242.3 

0.999 

+18.7 

-245.9 

If  the  detectability  limit  for  SOF^  were  1 percent,  the  lower  limit  calculated 
for  AH-  __0  SOF.  would  be  -227.7  kcal/mole 

1 ,2  Jo  4 

Estimated  Stability  of  SOF4.  The  experimental  heats  of  formation  of  SO^(g), 
^<“>2**2^''  anc*  ^6^  (Ref.  9)  are  plotted  in  Fig.  28  for  comparison  with  the 

values  for  SOF^  estimated  by  the  following  possible  methods. 

Method  A.  Assuming  reaction  1-8  to  be  thermoneutral,  a heat  of  formation 
for  S0F4  of  -237  kcal/mole  is  obtained.  This  is  equivalent  to  a linear  interpo- 
lation between  S02F2  and  SF&  in  Fig.  28.  This  method  pressumes  that  the  relativ 
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E ! 


bond  strengths  are  the  same  in  species  that  have  structures  that  are  tetrahedral 
(SO^F-j),  trigonal  bypyramidal  (SOF^),  and  octahedral  (SF^) , respectively.  General 
experience  with  related  compounds  indicates  that  trigonal  bypyramidal  compounds 
are  less  stable  and  exhibit  weaker  bonds  than  compounds  with  tetrahedral  and 
octahedral  structures.  Thus,  the  heat  of  formation  of  SOF^  is  not  likely  to  be 
as  negative  as  -257  kcal/mole  and  reaction  1-8  would  be  expected  to  be  exothermic. 


Method  B. 


If  the  heats  of  formation  of  S02F.,  and  SOF^  were  to  be  estimated 


using  the  average  S-0  and  S-F  bond  energies  in  SO^  and  SF^,  respectively,  they 
would  be  equal  to  those  obtained  by  linear  interpolation  between  SO,  and  SF 
(dashed  line  in  Fig.  28).  This  is  equivalent  to  assuming  that  the  reactions 


2 SO,  + SF,  = 3 S0,Fn 

o 6 2 2 


(1-9) 


and 


SO,  + 2 SF  = 3 SOF, 
o 6 4 


( I - 1 0 ) 


are  thsrmoneutral . The  heat  of  formation  of  SO.^,,,  obtained  by  such  a linear 
interpolation,  is  -161  kcal/mole,  whereas  the  experimental  value  is  -181.3.  This 
may  be  interpreted  as  indicating  that  there  is  a total  strengthening  of  bond 
energies  in  S09F  , relative  to  those  in  SO,  and  SF  , of  20  kcal  per  mole.  Thus, 
reaction  1-9  is  exothermic  by  61  kcal/mole.  The  value  obtained  for  the  heat  of 
formation  of  SOF^,  using  linear  interpolations  between  SO,  and  SF^,  is  -227  kcal/ 
mole  which  is  the  lower  limit  obtained  from  Merrill's  observation.  This  suggests 
that  reaction  1-10  is  thermoneutral  or  even  endothermic. 


Method  C.  If  an  arc  is  drawn  through  the  experimental  points  in  Fig.  28, 


the  heat  of  formation  of  SOF  estimated  by  this  nonlinear  interpolation  technique 
is  -244  kcal/mole.  Inherent  in  this  estimating  method  is  the  assumption  that  the 
strengthening  c~  the  bonds  in  SOF4  with  respect  to  those  in  SO,  and  SF^  is  similar 
to  the  observ.d  strengthening  in  S02F2*  In  fact,  this  assumption  requires  that 
reaction  1-8  be  endothermic  by  16  kcal/mole.  Since  this  nonlinear  interpolation 
technique  predicts  stability  trends  that  are  opposite  from  those  predicted  from 
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the  structural  considerations  discussed  above,  this  method  cannot  be  given  serious 
consideration.  But  even  this  method  does  not  give  a value  as  negative  as  that 
suggested  in  Ref.  13. 


Method 


_D.  Assuming  that  the  heat  of  the  reaction  SF^  + 0 = SOF^  is  equal  to 


that  of  SO^+O  = SO^  provides  another  possible  method  for  estimating  the  heat  of 
formation  of  SOF^.  This  method  is  equivalent  to  assuming  that  the  reaction  SF^  + 

SOj  = SOF^  + is  thermoneutral,  and  is  also  questionable  on  the  grounds  that 
the  types  of  molecular  bonding  are  not  the  same  in  these  compounds.  The  value  ob- 
tained, -210.2,  is  compatible  with  the  experimental  observation.  This  method  was 
tested  by  estimating  the  heat  of  formation  of  POF^  from  the  heats  of  formation  of 
^2^3’  ^2^5’  anc*  ^3'  vaiue  obtained  (-270)  was  16  kcal/mole  higher  than  the 

experimental  value  (-286)  indicating  again  that  such  methods  are  not  reliable. 

In  summary,  any  heat  of  formation  estimate  that  is  based  on  an  empirical  inter- 
polation involving  bond  strengths  and  their  trends  must  be  considered  very  approx- 
imate unless  nearly  identical  types  of  molecular  orbital  bonding  are  involved. 

Thus,  the  only  reliable  estimate  for  the  heat  of  formation  of  S0F4  is  that  obtained 
from  the  cited  experimental  observation  which  indicates  that  the  value  cannot  be 
more  negative  than  -227  kcal/mole.  However,  the  empirical  estimates  suggest  that 
this  experimental  value  is  reasonable,  and  strongly  indicate  that  Wilkins'  estimated 
heat  of  formation  is  not. 


It  can  be  seen  from  the  results  in  Fig.  26  and  27,  obtained  using  a heat  of 
formation  of  3OF4  of  -225  kcal/mole,  that  SF^  should  be  the  major  sulfur-containing 
species  at  lower  temperatures,  and  most  of  the  sulfur  should  form  SO^F^  at  higher 
temperatures.  SOF^  is  not  predicted  to  be  an  important  product  when  the  less 
negative  value  for  its  heat  of  formation  is  used. 

Detailed  Thermochemical  Analysis 


The  calculations  made  with  the  Therraochemj.cal  Computer  Code  are  exact  within  the 
accuracy  of  the  available  thermochemical  data,  but  do  not  define  directly  the 
important  thenr.ochemical  properties  of  the  individual  oxidizers,  fuels,  and 
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diluents.  The  following  detailed  analysis,  although  somewhat  less  rigorous,  gives 
additional  insight  into  the  thermochemistry  involved  in  the  precombustor  reactions. 


Effect  of  Temperature  on  Product  Distributions.  Considering  again  the  temperature 
ranges  in  which  various  potential  products  are  favored  thermodynamically,  this  can 
be  approached  more  directly  by  simply  calculating  the  equilibrium  positions  of  the 
following  reactions  as  a function  of  temperature: 


SI-'  = SF  + 2F 

6 4 

CF4  + 1/2  0,  = C0F2  + 2F 

C1F  = Cl  + F 

PF„  = PF>  + 2F 

s o 

CF . = CF_  + F 

4 o 

HF  = H + F 


d-11) 

(1-12) 

d-13) 

(1-14) 

(1-15) 

(1-16) 

(1-17) 


The  results  of  such  calculations  are  plotted  in  Fig,  29.  Curve  1 was  taken  from 

the  curve  in  Fie  ? for  P-  *•  Pp  =3  psia.  The  other  curves  were  calculated  for 
& r * 2 

conditions  where  P{.  = 3 psia  at  equilibrium.*  For  these  curves,  the  fraction  of 
a given  species  which  is  converted  to  the  product  shown  is  independent  of  the  con- 
centration of  the  species  or  its  products  (holding  P = 3) . For  example,  the 

2 

equilibrium  constant  for  Eq . 1-12  is  equal  to  P<.p  * Pp/Pgp^*  At  a given  tempera- 
ture and  F-atom  concentration,  the  ratio  PSF  ^/P-SFfc  Is  the  same  regardless  of  the 
amount  of  sulfur  in  the  system.  Thus,  the  fraction  of  SF.  converted  to  SF  (at 

D 4 

Pj.  - 5)  is  independent  of  the  total  concentration  of  sulfur-containing  species 
(pSf:6  + PSF{)-  It  can  t>e  shown  in  this  manner  that  curves  2 and  4 through  7 
(Fig,  29 j are  general  for  any  combustor  that  attains  equilibrium  and  forms 
F-atoms  at  a partial  pressure  of  3 psia.  The  results  represented  by  curve  5 in 
Fig.  29  are  not  as  general  because  they  are  dependent  on  the  final  oxygen  con- 
centration as  well.  Curve  5 was  calculated  for  the  case  in  which  the  combustor 


*Equivalent  to  a 50-psia  precombustor  forming  10  percent  F-atoms. 
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total  pressure  is  30  psia,  the  products  contain  10  percent  r-atom,  and  the  oxygen 
and  CF,  are  initially  at  20  and  7 mole  percent,  respectively  (i.e.,  20  to  16.3 
mole  percent  0oj . 

4m 

The  following  conclusions  can  be  drawn  from  Fig.  29: 

1.  All  of  the  hydrogen  in  the  reactant  species  will  be  converted  to  HF  even 
at  temperatures  above  3000  K. 

2.  In  the  absence  of  oxygen,  all  carbon  will  be  present  as  CF^  up  to  tem- 
peratures above  2500  K.  If  considerable  oxygen  is  present  (e.g.,  if 
air  were  used  as  diluent),  the  carbon  would  exist  as  CF^  at  1500  K but 
mainly  as  COF^  above  about  1900  K. 

3.  Chlorine,  which  would  be  present  if  C1F,.  were  the  oxidizer,  exists  as 
GIF  at  1500  K,  but  mainly  as  Cl  atoms  above  1900  K.  It  can  be  seen  from 
Fig.  10,  for  example,  that  some  Cl2  molecules  will  also  be  present  at 
1900  K,  but  their  concentration  will  not  exceed  about  20  percent  of  the 
chlorine  in  the  system. 

4.  In  the  absence  of  oxygen,  SF.  is  the  major  sulfur-containing  product  at 

O 

1500  K but  SF^  suddenly  becomes  favored  at  slightly  higher  temperatures. 
It  can  be  seen  from  Fig.  16  that  SF^  dissociates  above  2100  K tc  SF_, 

5.!2,  and  St.  It  was  shown  earlier  (Fig,  26)  that  in  the  presence  ot 
0,,  is  converted  to  S02P'2  above  about  1500  K. 

5.  The  combustion  reaction  PF^  + F,  - PF5  cannot  be  used  to  obtain  -.ompe.  - 
atures  above  about  2200  K because  PF,.  will  not  Coi-:  at  the  hi.  he-: 
temperatures . 

tract  of  Reactant  Properties  on  Thermochemistry.  It  can  be  shown  from  Fig.  lo 
ip.d  29  (and  similar  equilib,  im  calculations)  that  the  only  major  combustion 
products  at  1500  K are  F*,  HF  CF^,  C1F,  0n,  SF^,  PF^ , and  N?.  If  no  chlorine, 
oxygen,  phosphorous,  or  sulfur  species  are  in  the  reactants,  the  only  products 


‘The  few  percent  P'2  that  remains  undissociated  at  !5Gu  K is  ignored  in  the  foiluv 
ing  discussion. 
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that  form  in  the  temperature  range  of  1500  to  2500  K are  F,  HF,  CF^. , and  N„.  The 
fact  that  each  element  goes  almost  exclusively  to  a single  product  under  these 
conditions  permits  the  thermochemistry  of  the  combustor  reactions  to  be  analyzed 
in  some  detail.  Also,  if  chlorine  or  sulfur  are  present  in  the  reactants,  e.g., 
as  C1F'5  or  CS2,  the  following  simplified  analysis  can  be  carried  out  at  1500  K 
where  C1F  and  SF^  are  formed  almost  exclusively  (Fig.  29). 

For  this  theoretical  analysis,  the  overall  combustion  process  can  be  considered 
as  occurring  in  two  thermochemical  stages.  In  one  stage,  the  fuel  and  part  of 
the  oxidizer  react  to  form  hot  combustion  products,  at  temperature  T,  and  heat: 

"fuel  * fuel(298)  + V oxid(298)  = npr0d-  Prod(T)’  AHC  C1-18) 

where*  nr  , and  n are  the  moles  oc  fuel  and  oxidizer,  respectively,  that  react 

xU6i  OX 

c 

in  the  combustion  reaction  per  mole  of  fluorine  atom  combusted,  and  n Q(j  is  the 
total  moles  of  combustion  product. (s)  formed  in  this  amount  of  reaction.**  The  heat 
generated  in  Eq.  1-18  for  a given  fuel/oxidizer  combination  is  defined  as  -AHc> 
the  "heat  of  combustion"  per  mole  of  fluorine  atom  combusted. 

In  the  second  thermochemical  stage,  the  heat  of  combustion  is  consumed  entirely 
in  dissociating  the  excess  oxidizer  and  in  heating  the  diluent: 

n . oxid(298)  = F (T)  + n°X1^  . prod(T),  AH  (1-19) 

ox  prod  v ’ ox 

diluent  (298)  = diluent(T),  AH^^  (1-20) 

wheie  n represents  the  moles  of  oxidizer  that  must  be  dissociated  to  form  one 
ox  r ox’  i 

mole  of  F-atom  (and  has  t^e  same  value  as  in  F.q.  1-18)  and  r ' the  total  moles 

1 prod 


*A  nomenclature  list  is  given  at  the  end  of  the  repo-t. 

**Exampies  of  Eq.  1-18  are: 

1/2  H2  + 1/2  F2  = HF,  and 

1/30  C.ir  + 1/3  NF_  = 1/S  CF,  + 1/5  HF  + 1/6  N' 

6 6 0 4 2 

i-or  the  first,  nc  , = n = 1/2  and  nC  . -■  1 . For  the  second,  n-  , = 1/30, 

fuel  ox  prod  ’ fuel 

n = 1/5,  and  nc  , = 17/30. 
ox  prod 


A 
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of  products  that  are  formed  in  addition  to  the  F-atom,  if  any.*  AHqx  t^ie 
oxidizer  "heat  of  dissociation,"  as  defined  in  Eq.  1-19,  and  AHdd^  is  the  heat 
required  to  increase  the  temperature  of  one  mole  of  diluent  from  298  K to  the 
final  combustor  temperature,  T. 

The  thermochemical  properties  of  the  fuels  and  oxidizers  can  be  considered  indi- 
vidually by  dividing  the  combustion  reaction  (Eq.  1-18)  into  tv/o  hypothetical 
half-reactions,  one  of  which  (Eq.  1-19)  is  the  dissociation  of  oxidizer  to  form 
1 mole  of  F-atoms  at  temperature,  T,  and  the  other  is  the  combustion  of  1 mole  of 
F- atoms : 


nQx-  oxid(298)  = F(T)  + n°**d  . prod(T),  AHqx  (1-19) 

nfuei  ‘ f«el (298)  - F(T)  - • P*od(T),  AHfuel  (1-21) 


nfu^i  * fuel  (293)  + nQx  • oxid(298)  = nprod  ♦ prod(T),  AH£ 


(1-18 


AH-  is  the  heat  released  when  1 mole  of  F-atoms  is  combusted  with  a given  fuel 

*-ue*  c oxid  fuel 

as  defined  in  Eq.  1-21  and  AH,  = AHqx  + AHfuel-  Also,  nprod  = nprQd  + nprod  • 

The  half-reactions  are  chosen  in  this  manner  so  that  the  combustion  reaction  can 


be  considered  as  dissociation  of  oxidizer  to  form  F-atoms  followed  by  the  combus- 
tion of  F-atoms  with  the  fuel.**  This  permits  the  thermochemicai  properties  of 
the  oxidizers  and  fuels  to  be  considered  individually. 


*1  or 


n 


ox 


**For 


example,  in  the  dissociation  reaction  1/4  ClFg(298) 

= 1/4  and  n°*^  = 1/4. 

example,  the  half-reactions  for  the  combustion  of  CS 


= F(T)  + 1/4  C1F(T), 

2 and  NFj  at  1500  K are: 


1/3  NF3(298)  = F(1500)  + 1/6  N2(1500) 

1/16  CS2(298)  + F C 3 500)  = 1/16  CF4(1S00)  + 1/8  SF6(1500) 


1/3  NF3  + 1/16  CS2  = 1/6  N2  + 1/16  CF4  + 1/8  SF6 
where  V^d  = 1/6 ' "prod  r 3/16'  and  "prod  = i7/48< 


It  can  now  be  seen  that  the  more  endothermic  the  oxidizer  dissociation  reaction 
per  mole  of  F-atom  formed  (as  defined  in  Eq.  1-19),  the  larger  the  fraction  of  the 
"avaialble  fluorine"*  that  must  be  combusted  to  achieve  a given  temperature  and 
F-atom  concentration  with  any  fuel.  This  is  because  not  only  is  more  heat  re- 
quired to  dissociate  the  excess  oxidizer  (Eq.  1-19),  but  a lower  heat  of  combus- 
tion is  obtained  with  any  given  fuel  (Eq.  1-18).  Likewise,  a fuel  that  reacts 
more  exothermically  in  Eq.  1-21  will  have  a higher  heat  of  combustion  with  any 
given  oxidizer. 

The  oxidizer  dissociation  reactions  are  listed  in  Table  V along  with  the  associ- 
ated enthalpy  changes,  AH  , and  the  stoichiometric  factors  from  Eq.  1-19,  n and 
o^cxci  ox  ox 

nprod*  ^ anc*  ^2F4  ^aVe  aPPr^c^a^^  smaller  heats  of  dissociation  than  do  NF^, 

C1F_,  and  CIF^.  Therefore,  F2  and  N^F^  will  consume  less  heat  in  the  dissociation 
process  as  well  as  burn  hotter  with  any  given  fuel.  The  unfavorable  thermodynamic 
properties  of  NF^  and  the  interhalogens  do  not  necessarily  preclude  their  use  but 
indicate  that  more  of  the  available  fluorine  must  be  burned  with  these  oxidizers 
causing  the  formation  of  higher  concentrations  of  combustion  products  such  as  HF 
(or  DF)  and  CF4-  Also  listed  in  Table  V are  the  percentages  of  available  fluorine 
that  must  be  combusted,  with  as  the  fuel,  to  obtain  a temperature  of  1500  K and 
10  mole  percent  F-atoms  (helium  diluent).  These  values  were  calc  ilated,  assuming 
an  adiabatic  combustor,  by  a procedure  that  will  be  described  later  in  this 
section. 


In  Table  VI,  the  conjugate  half-reactions  for  a number  of  potential  combustor 
fuels  are  iisted.  The  values  of  AH^  ^ at  1500  K (in  units  of  kcal  per  mole  of  F 
combusted)  range  from  -83.9  for  PF^  and  C^F^  to  -60.9  for  C^F^.  The  percentage 
of  available  £T.  orine  that  must  be  combusted  to  obtain  a temperature  of  1500  K 
(with  F^  as  the  fuel  and  forming  10  mole  percent  F-atoms)  ranges  from  54.9  for 


*Some  of the  possible  combustor  reactants  contain  F-atoms  that  do  not  form  new 
bonds  during  combustion  and,  therefore,  do  not  contribute  to  the  heat  of  com- 
bustion. Specifically,  these  are  one  F-atom  in  CIF5  and  CIF5  and  all  of  the 
F-atoms  in  the  perf luorohydrocarbons . Such  F-atoms  are  defined  as  "unavailable 
fluorine." 
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TABLE  V.  OXIDIZER  DISSOCIATION  REACTIONS 


AH  , 
ox 

kcal/mole 

Percent 

Fluorine 

Stoichiometric 

Factors 

Combusted 
at  1500  K* 

oxid 

nprod 

Half  Reaction 

1500  K 

2000  K 

n 

ox 

1/2  F2,  g(298)  = F(T) 

+25.05 

+27.55 

55.8 

1/2 

0 

1/4  N2F4,  g ( 29 8)  = F(T)  + 1/4  N2(T) 

+27.84 

+31.41 

56.7 

1/4 

1/4 

1/3  NF3,  g ( 29 8)  = F(T)  + 1/6  N2(T) 

+36.44 

+39.66 

63.1 

1/3 

1/6 

1/4  C1FS,  £(298)  = F(T)  + 1/4  C1F(T) 

+ 39.74 

-- 

65.1 

1/4 

1/4 

1/2  C1F  , £(298)  = F(T)  + 1/2  C1F(T) 

+46.44 

-- 

68.8 

1/2 

1 

1/2 

*Fraction  of  available  fluorine  in  oxidizer 

that  is  combusted 

(rather  than 

dissociated  to  F-atoms)  when  the  oxidizer  is  reacted  with  H2  in  helium  at 
reactant  ratios  that  give  10  mole  percent  F--atoms  at  1500  K. 


N„H . to  65.3  for  C-F,.  There  is  a general  correlation  between  low  values  for  the 
2 4 2 6 

magnitude  of  AH-  and  large  values  for  percent  available  fluorine  combusted. 

iU6l  fuel 

However,  those  fuels  with  larger  values  of  n require  less  fluorine  combusted 
at  a given  value  of  AH^^  because  the  combustion  products  replace  some  of  the 
required  diluent  (helium  in  these  examples).  The  results  in  the  following  tabula- 
tion demonstrate  further  the  higher  fraction  of  fluorine  that  must  be  combusted 
with  the  cooler-burning  reactant  combinations  (at  1500  K and  forming  10  mole 
percent  F-atom) : 


Reactants 

AH  , 1500  K 
c 

Percent  Fluorine  Combusted 

Diluent  = He 

Diluent  = N2 

f2-h2 

-56.5 

56 

62 

nf3-h2 

-45.1 

63 

68 

F2-CS2 

-45.0 

63 

70 

NF3-CS2 



-33.6 

71 

76 
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it  i 5 apparent.  therefore,  that  in  most  cases  a penalty  must  be  paid  in  terms  of 
the  quantity  of  reactants  burned  to  generate  a given  quantity  of  F-atoms,  when 
if-ctants  other  than  F are  employed. 

Listed  in  Table  VII  are  the  enthalpies,  Ali^^ , required  to  heat  1 mole  of  diluent 
from  298  to  loOO  and  2000  K,  respectively.  Of  course,  the  specific  heat  of  N,,  is 
considerably  greater  than  that  of  He.  The  effect  of  this  is  to  inciease  the 
fraction  fluorine  combusted  when  is  the  diluent  as  shewn  in  the  above  tabulation 

TABLE  VII.  DILUENT  ENTHALPY  CHANGES 


Di luent 

AHdi 2 > kcal/mole 

1500  K 

2000  K 

He, 298)  = iie('i) 
N 2 (298)  = N2(T) 

5.971 

0.179 

8.455 

15.418 

In  some  applications,  the  use  of  larger  quantities  of  oxidizer  and  luel  may  net 
be  a major  drawback.  A more  serious  limitation  would  be  if  the  products  formed 
ji.  ti.e  combustor  reaction  were  detrimental  to  laser  efficiency,  lor  example,  01 
deactivates  vibrationally  excited  HF  moderately  rapid  (Table  IV),  Thus, 
increasing  the  quantity  of  DF  or  HF  in  the  combustor  products  by  employing 
a cooler-burning  oxidizer  would  not  be  desirable  and  the  elimination  of  DF  may  be 
beneficial . 

The  data  contained  in  Tables  V through  VII  can  be  usect  to  calculate  the  re- 
quired reactant  ratios  and  the  product  compositions  obtained  for  conditions  where 
the  products  are  exactly  those  listed  in  the  tables.  It  can  be  seen  from  Fig.  29 
that,  at  1500  K,  there  will  be  a small  error  in  the  calculated  results  because 
about  5 percent  of  the  F^  is  not  dissociated.  However,  for  systems  that  contain 
only  the  elements  C,  H,  F,  N,  and  tie,  the  products  will  be  almost  entirely  F, 

CF^,  !1F,  N^,  and  He  from  1700  to  2500  K,  Exact  thermochemical  calculations  can 
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be  made  for  any  reactant  system  at  any  temperature  using  the  Rocketdyne  Thermo- 
chemical Computer  Code,  but  the  following  procedure  gives  additional  insight  into 
the  thermochemistry  involved  at  temperatures  where  the  analysis  applies. 

Assuming  an  adiabatic  reactor,  the  reactant  ratios  and  product  compositions  can 
be  calculated  by  solving  the  energy  balance  and  stoichiometric  equations  as  follows , 
If  is  defined  as  moles  of  F combusted  per  mole  of  F-atom  formed  and  R2  as  moles 
of  diluent  in  the  products  per  mole  of  F-atom  formed,  the  following  reactions  will 
occur  (per  mole  of  F-atom  formed) : 


(1  + Rx)  • 


nQx  . oxid  (298)  + F(T)  = n°^j  . prod(T) 


(Rx) 


(R2) 


nfuel  • fuel (298)  t F(T)  = n^®*  • prod(T) 


diluent (298)  = diluent (T) 


(1-22) 


(1-23) 

(1-24) 


The  heat  balance  of  the  system  requires 


* 4H0x  * - 0 


(1-25) 


If  the  final  mole  fraction  of  F-atom  is  defined  as  Xr,  the  following  stoichiometric 

r 

relationships  exist  in  the  products  (the  calculations  are  made  per  mole  of  F-atom 
formed) : 


Moles  of  diluent*  = R, 


,,  i xr  oxid  n / oxid  fuel  \ 

Moles  of  reaction  products  =n  . + R,  n , + n . 

r prod  1 \ prod  prod  j 

n ( oxid  , fuel \ , n , /v 

1 \prod  nprod ) 2 ^F 


~ . , . , , oxid  t 

Total  moles  = 1 + n , + 

prod 


(1-26) 

(1-27) 

(1-28) 


* I f the  diluent  is  N2,  this  equation  does  not  include  the  N2  that  may  be  formed 
as  a reaction  product. 
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Solving  Eq.  1-25  for  R.  gives 


R1  = -(AHJ'1  • ( H_  + P,  • AH,.,) 


ox 


‘dilJ 


(1-29) 


Solving  Eq.  1-28  for  R2  and  substituting  for  R1  from  Eq.  1-29  gives  the  following 
expression  for  R2: 


R?  = 


oxid  J /AU  ..  /oxid  fuel\ 

n , + [AH  /AH)*  { n , + n ) 
prod  ox  c l prod  prod  j 


, .A.,  a / oxid  ^ fuel\ 

^Hdil^  c * [nprod  nprodJ 


(1-30) 


Tor  a given  oxidizer-fuel-diluent-temperature-Xp  combination,  R2  can  be  obtained 
from  Eq.  1-20  and  then  R^  from  Eq.  1-29.  It  can  be  seen  from  Eq.  1-22  through 
1-24  that  the  mole  fractions  of  reactants  are  given  by: 


oxid 


fuel 


n (1  + R.) 
ox  1 


n (1  + R.)  + n.  , (R.)  + 
ox  1 fuel  1 


R2 


nfuel 


* [■„«  + Rl)  + "fu«l(Rl>  * RZ] 


X . . = 1 - X . , - X.  . 
ail  oxid  fuel 


(1-31) 

d-32) 

(1-33) 


The  mole  fractions  of  the  various  reactim  products  can  be  obtained  in  a similar 

oxid  f 1 

manner  from  Eq.  1-22  through  1-24  by  separating  n and  nprocj  into  the  terms  of 
the  individual  product  species  as  shown  in  the  chemical  equations  in  Tables  V 
and  VI.  Taking,  for  example,  the  system  NF3-CS2-He: 


oxid  oxid  , ,, 

n , = n,,  = 1/6 

prod  i\’2 

fuel  fuel  fuel  ....  t , /0 

n , = n„_  + ncr  = 1/16  + 1 '8 

prod  CF4  SF6 


Total  moles  = 1/Xp  (from  Eq.  1-28) 


(1-34) 

(1-35) 

(1-36) 


X.,  = (1  + R.)  . (l/6)/(total  moles) 

No  l 


= (1  + Rx)  . (1/6)  * (Xp) 


(1-37) 
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m 


xHo  - r2  ‘V  (i-40) 

The  mass  fractions  of  reactants  and  products  can  be  obtained  by  multiplying  the 
mole  fraction  of  each  species  by  its  molecular  weight  and  normalizing  to  total 
mass  fraction  of  one.  Finally,  the  fraction  of  available  fluorine  that  is  com- 
busted is  given  by  the  expression: 


I- 


i 


I 


Fraction  Combusted  = R^/(l  + R^)  (1-41) 

Comparison  of  Combustor  Reactant  Systems.  Thermochemical  calculations  of  the 
type  described  in  the  previous  section  will  now  be  used  to  examine  the  conditions 
that  can  be  attained  with  various  oxidizer-fuel-diluent  systems  and  the  concentra- 
tions at  which  chemical  species  will  be  present  in  the  reaction  products  (if 
chemical  equilibrium  is  achieved  and  the  reactor  is  adiabatic),  ihe  above  equa- 
tions were  set  up  in  a form  that  permits  determination  of  the  reactant  ratios  re- 
quired to  obtain  a given  temperature  and  a’ given  value  i “ Xp . 

The  thermochemical  properties  of  the  reactants  ■ c-t  an  upper  limit  on  the  maximum 
mole  fraction  of  F-atoms  that  can  be  obtai  .ed  at  any  temperature  as  well  as  the 
maximum  attainable  temperature  (the  v<_abatic  flame  temperature  of  the  oxidizer/ 
fuel  combination).  If  the  desire i value  of  Xp  exceeds  the  thermochemically 
allowed  value,  negative  diluent  mole  fractions  will  be  calculated  in  Eq.  1-33  and 
1-40.  The  maximum  value  of  Xp  at  any  given  temperature  would  be  obtained  in  the 
absence  of  any  diluent.  The  maximum  T-atom  concentration  that  can  be  attained 
at  any  temperature  (in  the  absence  of  diluent)  can  be  calculated  by  solving 
Eq.  1-25  for  R.  and  then  Eq.  1-28  for  Xp  after  settl.-.g  R?=0  in  both  of  these 
equations.  In  the  absence  of  diluent,  there  is  one  independent  variable  and  a 
given  temperature  can  be  attained  only  with  a single  reactant  ratio.  The  results 
of  such  calculations  are  listed  in  Table  VIII  for  various  oxidi zer/fuel  combinations 
at  1300  and  2000  K.  All  of  the  reactant  systems  are  capable  of  generating  sufficient 
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TABU;  VIII.  MAXIMUM  ATTAINABLE  MOLE  PERCENTAGE  OF  F-ATOMS  FOR  VARIOUS 
OXIDIZER/FUEL  COMBINATIONS  AT  1500  AND  2000  K (NO  DILUENT) 


Oxidizers 


n2M 

nh3j 

cs  2J 

(CN  )2J 
PF3,.g 
CO,g 
c2H6,g 

C2H2,g 

W* 

C2F6,g 

C2F4.8 

SF6'e 

C4F8,E 

C6F6-« 


F 

2* 8 

N2 

'4*8 

NF 

j.g 

Cl! 

1500  K 

2000  K 

1500  K 

2000  K 

1500  K 

2000  K 

1500  K 

69.3 

65.6 

52.7 

48.6 

47.4 

43.3 

41.0 

64.6 

60.2 

49.6 

44.9 

43.6 

38.9 

37.7 

63.0 

58.4 

47.8 

42.9 

41.1 

36.1 

35.0 

90.6 

65.0 

64.5 

54.8 

85.9 

63.8 

63.7 

60.8 

62.6 

59.3 

54.5 

82.5 

78.7 

61.6 

57.2 

59.6 

54.2 

51.9 

Cl.  5 

58.8 

54.7 

45.8 

78.0 

75.0 

57.9 

54.2 

54.1 

50.1 

46.4 

84.8 

82.7 

62.9 

60.0 

61.4 

58.1 

53.3 

83.6 

81.2 

61.5 

58.  3 

59.2 

55.6 

51.0 

58.9 

45.8 

43.4 

30.6 

34.4 

18.9 

27.8 

82.5 

79.2 

61.6 

57.7 

59.6 

55.0 

52.0 

81.3 

77.7 

60.4 

56.1 

57.7 

52.6 

50.0 

80.6 

76.9 

59.7 

55.2 

56.7 

51.2 

48.8 

85.9 

83.6 

63.0 

59.7 

61.5 

57.6 

53.0 

ClFj.i 


28.7 

26.5 

23.6 

35.1 
38.0 
36.5 

28.2 

31.3 
36.9 

34.3 

15.8 

36.5 

34.4 
33.2 

35.6 
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quantities  of  F-atoms  (in  the  absence  of  diluent).  Even  the  very-cold-burning 
combination  NF^-C^F^,  which  has  a heat  of  combustion  at  1500  K of  only  -24.4 
kcal/mole  F combusted  compared  with  -56,5  for  F?-H2,  can  generate  34  mole  per- 
cent F-atoms  at  1500  k. 

The  thermochemical  calculations  described  in  the  previous  section  were  carried 
out  for  a number  of  reactant  systems  (with  helium  as  diluent)  by  use  of  a com- 
puter program.  The  results  obtained  are  presented  in  Tables  IX  through  XI. 

In  Table  IX,  the  five  oxidizers  are  compared  in  the  systems  oxidizer-H0-He  at 
1500  and  2000  k and  reactant  ratios  that  form  10  and  20  mole  percent  F-atoms. 

I he  major  combustion  product  with  H as  the  fuel  is  HF  with  from  0.8  to  2.3  moles 
forming  per  mole  of  F-atom.  About  50  percent  more  HF  is  formed  from  the  cooler- 
burning oxidizers  NF_  and  CIF^  than  from  F0  or  i^F^.  ^ maY  als0  be  seen  that 

the  use  of  C1F  or  C1F_  as  the  oxidizer  would,  in  addition,  lead  to  the  formation 
of  appreciable  concentrations  of  C1F  at  1500  K (or  Cl  atoms  at  higher  temperatures) 
The  15  fuels  are  similarly  compared  in  Table  X for  the  systems  F2-fuel-He  at 
1500  and  2000  K and  reactant  ratios  that  give  10  mole  percent  F-atoms.  Similar 
amounts  of  HF  are  formed  from  the  fuels  H2>  N2H  , and  NH3-  The  amount  of  HF  that 
is  formed  is  decT eased  by  a factor  of  2 when  the  fuel  is  a saturated  hydrocarbon 
and  by  more  than  a factor  of  4 with  (CH)x  hydrocarbons  such  as  acetylene  or  benzene 
Most  of  the  combusted  fluorine  forms  CF^  with  the  hydrocarbon  fuels.  Of  course, 
fuels  that  do  not  contain  hydrogen  do  not  form  HF  but,  instead,  form  CF4>  SF'6  (at 
1500  K),  or  FF-. 

The  systems  NF^- fuel -He  are  compared  m Table  XI,  The  product  distributions  are 
quite  similar  fo  those  obtained  with  F2  except  that  higher  concentrations  of  pxo- 
ducts  are  formed  (about  50  percent  higher)  and,  of  course,  some  nitrogen  is  formed. 

Detailed  Analyses  of  Nitrogen  Oxide  Systems.  A detailed  thermochemical  analysis 
has  not  been  conducted  for  all  of  the  nitrogen  oxide  systems.  The  heat  of  com- 
bustion in  these  systems  is  supplied  by  the  decomposition  of  the  nitrogen  oxide. 
Taking  the  N:?0-F2  system  as  an  example,  the  detailed  thermochemistry  can  be  con- 
sidered as  follows.  The  major  reaction  products  at  1600  K,  as  calculated  using 
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Tevpcratur* 


FABLE  X.  COMBUSTOR  REACTANT  RATIOS  AND  PRODUCT  DISTRIBUTIONS  AT  SELECTED 
TEMPERATURES  (1500  AND  2000  K)  AND  10  MOLE  PERCENT  F ATOMS  FOR  VARIOUS 
FUELS  WITH  FLUORINE  OXIDIZER  AND  HELIUM  DILUENT 


Oxldi rer/fue I 
Reactant* 


2*  Oxidizer  119  l?-s  15-2  15-4 

Fuel  6.64  3.43  S.13  1.05  1.69 

j He  liun  82 . S 84.1  11.7  85.6  86. S 


13.6  129  17.0 


IS. 7 11.6  12.7  17.6  17.6 


4. 45  1.09  1.38  0.S1  9.92  3.24 


1.15  1.40 


61.8  86.0  66.6  86.7  74.9  IS. 2 85. S 85.6  86.  S 


10.0  10. C 10.0  lo. 0 10.0  10.0  10.0  10.0  10.0  | 10.0  10.0  10.0  10.0  10.0  10.0 

77.4  74. S 73.6  86.8  85.0  63.6  63.2  61.7  64.6  I 14.1  71.2  63.6  63.1  12.6  85.0 


12.6  12.2  13.9 


3.0S  2.32 


0. SSI  0.549  I 0.562 


6.73  2.70  2.9S  

4.52  7.08  2.70  2.95  16.1  6.37  .6.67  7,16  4.95 


BBBmmBb 


0.560  1 0.644  ! 0.592  0.574  0.S96  0.653  0.S60  0.S79  0.569  0.S98 


14.2  IS. 3 16.3 


76.1  10.0  75.6 


?0.0  10.0  10.0 

73.0  69.3  61.0 


10.0  10.0 

13.1  10.6 


15.7  14.4  IS. 5 22.4  14.2  15.2  IS. 7 15. S 

1.49  1.17  0.693  17.2  4.SI  3.36  ,2.66  1.16 

62.6  63.7  13.1  60.4  tl.2  II.  S 11.6  63.3 


10.0  10.0  10.0  10.0  10.0  10.0  10.0  10.0 

76.6  62.6  61.9  57. 4 60.9  60.1  79.6  13.0 


9.52  3.70  4.06 

2.14  3.70  4.06  32.6  9.12 


10.4  | 6. 95 


4.13  3.1S 


0.630  0.623  0.6S4 


0.646  0.6S2 


0.665  0.649  0.67Q  0.76$  0.646  0.664  0.67S  0.676 


TABLE  XI.  COMBUSTOR  REACTANT  RATIOS  AND  PRODUCT  DISTRIBUTIONS  AT  SELECTED 
TEMPERATURES  (1500  AND  2000  K)  AND  10  MOLE  PERCENT  F ATOMS  FOR  VARIOUS 
FUELS  WITH  NE,  OXIDIZER  AND  HELIUM  DILUENT 


jOx»  dt  x«r/Fu*t 


«■  £ Qxidtxer  10.5 

v 

Fu«l  10. 0 


O I n 

° 1 „■£ 

" u 


13.4  13.6  | 10.4 

9. IS  1.69 


HFj.l 

<«),.« 

NFj.l 

CO.I 

10.4 

4.44 

15.5 

4.1? 

7.25 

*7.1 

• 1.2 

74.5 

10.0 

10.0 

10.0 

71.5 

74.* 

75.4 

6.64  13.3  11.9  10.7  11.7  13.6  10.1  10.9  11.4 

9.17  7.33  1.71  3.0*  0.79  17.3  4 <0  3.*»  3.96 


79.5  13.4  79.5  95.7  97.1  91.3  79.1  99.4  97.3  97.5  97.3  95.1  93.5  95.7 


10.0  10.0  10.0  10.0 

33.3  76.  t 75.7  75.0 


19.4  19.3 


9.73  3.72 

9.73  3.91  3.73 


9.53  9.09  5.93  9.97  4.39  9.13  5.09  4.7<  5 

‘ ' 3.13  - ....  1 ' ' 

9.97 


9.97  9.49  i 10.0 


4.56  4.93  5.00 


0.931  0.933  0.959  0.714  0.943  0.934  0.729  0.470  0.430  0.475 


0.447  0.477 


„•  £ Olldlt.r 

S K 

F«1 

S. 

1 Z Ht 


13.0  13.4 
1.47  11.4 
91.4  74.2 


13.2  13.3  14.9  29.1  12.9  14.3 


3.39  2.91  1.10  34.9 


6.91  5.25 


15.3  | 14.8 

4.25  I 1.84 


•2.4  1 11.9  I 14.0  54.1  \i0.\  10.4  10. S 13.3 


10.0  10.0  10.0  10.0  10.0  10.0  10.0  | 10.0 

74. • 71.2  41.0  74.1  72.5  25.1  71. t 

11.1  5.04  5.47 

5.94  5.04  1.47  14. 2 12.4  15.7 


5.44  10. t 10.5 


t.91  5.14 


4.24  S.M  4.5t  10.7  5.10  4.24  6. SI  6.SS 


0.445  0.417  0.721 


1.754  0.714  0.754 


0.712  0.755  0.144  0.746 


the  Thermochemical  Computer  Code  (Fig,  21),  are  N , 0?.  F-atoms,  and  FNO  at  a 
concentration  of  about  one-tenth  that  of  the  F-atoms.  Thus,  the  overall  heats 
of  reaction  per  mole  of  N^O  and  F7  reacted,  respectively,  are: 

N, 0(298)  -•=  N (1600)  + 1/2  0,(160u, . Jl  = -'1.304  kcal/mole  (1-42; 

O. 9  F2(298)  = 1.8  F(1600) , AH  = +45.8  (1-43) 

0.1  :\(298)  + 0.1  C>2  (1600)  + 0.1  .N'2(1600)  = 0.2  FNO(iC'OO),  (1-44) 

AH  = -1.98 

The  molar  N‘20:F2  ratao  recIuirec*  t0  give  a temperature  of  1600  K should  be  equal 
to  (45.8  -1.98)/4.30  = 10.2.  It  can  be  seen  that  this  is  in  agreement  with  the 
ratio  listed  in  Fig.  20  at  1600  K which  waj  calculated  by  the  more  exact  proce- 
dure. Reactions  I-  ‘/2  through  I-vy  include,  therefore,  all  of  the  important  thermo- 
chemical processes  in  this  reactant  system. 

Reactant  Weight  Considerations.  The  use  of  advanced  precombustor  reactants  will 
result  in  a weight  penalty  over  the  baseline  system  F2-H2-He.  In  addition,  the 
use  of  nitrogen  or  air  as  diluent  would  result  in  a further  weight  penalty.  This 
could  be  important  in  some  applications  and  will  have  to  be  considered  in  future 
system  efficiency  calculations.  To  investigate  this  effect  briefly,  the  calculated 
F-atom  mass  fractions  are  compared  in  Table  XII.  It  can  be  seen  from  these  re- 
sults that  the  use  of  the  CIF.-fuel  reactant  systems  decreases  the  F-atom  mass 
fractions  by  about  a factor  of  2 (with  helium)  ovei  the  baseline  system,  and  the 
use  of  N'2  in  place  of  helium  results  in  another  decrease  of  about  a factor  of  2. 

Conclusions  from  Thermochemicai  Analysis 


It  is  apparent  from  this  analysis  t.nat  a number  of  reactant  systems  have  favorable 
thermochemicai  properties  and  thus  appear  promising  for  use  in  the  combustor  of  a 
DF  continuous  wave  laser  provided  that  efficient  combustion  can  be  attained.  The 
oxidizers  NF,  and  CIF^  burn  colder  than  F.  forming,  therefore,  slightly  higher 
concentrations  of  combustion  products.  In  addition,  C1F,  forms  considerable  C1F 
or  Cl  atoms,  depending  on  the  temperature. 


65 


'I  ABLE 

XII.  MASS  FRACTION 
FUNCTION  OF  MOLE 

OF  F-ATOMS  AT  1500  K AS  A 
FRACTION  F-ATOM 

Mole  Fraction  F 

System 

0.05 

0.10  0.15 

Mass  rvaocion 

0.20 

VVEe 

0.145 

0.253 

0.335 

0.400 

w 

0=036 

0.074 

0.113 

0.154 

ClPgllJ-NHg'lJ-He 

0.086 

0.139 

0.175 

0.202 

Cli'5(l)^H3(l)-N2 

0.034 

0.069 

0.104 

0.140 

C1F5(1)  C6H6(.l}-fle 

0.082 

0.633 

0.168 

0.193 

c»5(1)-c8He(1)*4,2 

0.029 

0.058 

0.086 

0.113 

C1JF5(1)-C6F6(1)-He 

0.072 

0.067 

0.149 

0 = 171 

0.027 

0.054 

0.079 

0.103 

CIF5(l)--CS2(l)-He 

0.070 

0.114 

0.144 

0.165 

cif5(i)-cs2(i)-n2 

0.027 

0.052 

0.076 

0.099 

ClF^(l)-^2H4(l)-He 

0.091 

0.148 

0.185 

0.212 

OIF^lJ-NgH^l)^ 

0.034 

0.0t9 

0.104 

0.140 

A large  number  of  fuels  may  be  considered  as  replacement  for  hydrogen.  Ammonia 
and  hydrazine  produce  quantities  of  1 IF  even  greater  than  those  formed  in  the  pre- 
sent F^-H^-He  system.  The  use  of  a hydrocarbon  fuel  would  greatly  reduce  the 
amount  of  HF  that  is  formed.  If  fluorocarbons  can  be  made  to  burn  efficiently 
with  an  oxidizer,  they  will  have  the  advantage  that  no  HF  is  formed.  The  use  of 
carbon-containing  fuels  would  lead  to  the  formation  of  CF^  as  a combustion  product. 
CS2  and  PI-',  are  also  potential  hydrogen-free  fuels.  The  use  of  these  fuels  re- 
quires that  consideration  be  given  to  the  possible  effects  of  the  products  SF^, 

SI:4,  and  PFj.. 


The  nitrogen  oxide-oxidizer  reactant  systems  have  satisfactory  thermochemical 
properties  also.  Their  utility  will  depend  not  only  on  their  combustion  proper- 
ties but  on  the  suitability  of  h^-C^  mixtures  as  diluents  in  place  of  the  lighter 
and  inert  diluent  helium. 


TASK  1-2.  KINETIC  ANALYSIS  (CAVITY) 


An  analysis  was  made  of  the  effects  of  advanced  reactant  systems  on  the  kinetics 
of  cavity  reactions.  Using  available  data  and  best  estimates  for  the  rate  con- 
stants of  the  many  elementary  reactions  that  may  occur  in  the  cavity,  the  reac- 
tion rates  for  a number  of  reactant  systems  were  integrated  using  the  Rocketdyne 
VIREL  Computer  Code*  described  in  Appendix  B.  Estimates  were  obtained  of  the 
expected  conditions  and  zero-power  gain  as  a function  of  distance  from  the  injector. 
The  premixed  approximation  was  made  although,  as  mentioned  earlier,  this  ignores 
the  important  effects  of  mixing.  The  calculations  do,  however,  permit  the  roles 
of  various  chemical  and  energy-transfer  processes  to  be  examined.  The  composi- 
tion of  the  mixture  at  the  start  of  the  integration  was  obtained  by  determining 
the  composition  of  the  precombustor  gas  from  the  results  of  the  thermochemical 
analysis  (for  10  percent  F-atom  and  1500  K)  and  then  adding  cavity  fuel  (H2>  HC1, 
propane,  or  HBr)  at  a concentration  that  is  three  times  that  of  the  F-atom. 


Three  series  of  kinetic  calculations  were  conducted  during  the  course  of  the  pro- 
gram. In  the  first  series,  the  cavity  fuels  H2  and  HC1  were  compared  using  the 
baseline  precombustor  system  F2~D2-He  and  a DF-free  system  Fp-C^F^-He.  These 
cavity  fuels  were  also  compared  with  liquid  precombustor  systems  using  C1F<.  as 
the  oxidizer  and  ND^  and  C^F^  as  the  combustor  fuels.  In  the  second  series,  the 
cavity  fuels  H-  and  propane  were  compared  using  the  baseline  precombustor.  Fin- 
ally, HBr  and  H2  were  compared  using  both  the  baseline  precombustor  and  a DF-free 
reactant  system.  Because  the  kinetic  calculations  were  made  over  a period  of 
about  2 years,  somewhat  different  kinetic  parameters  were  used  for  each  series. 


Series  I Kinetic  Calculations,  Comparison  of  Systems: 
F7-D?-He-H2/HCl,  F?-C^-''e-  T?/HC1,  ClFg -ND^-He-H2/ 
11C1  and  ClFq-CAFf,-He-H?/HCl 


Kinetic  calculations  were  conducted  for  these  eight  reactant  systems  choosing 
precombustor  conditions  that  produce  10  percent  F-atoms  at  1500K.  In  each  case, 
the  mixture  was  assumed  to  be  at  a temperature  of  250  K and  a Mach  number  of  about 
3.5  at  the  start  of  the  integration. 

*'i’est  calculations  have  been  run  to  compare  the  VIREL  code  with  t.he  RESALE  pro- 
gram developed  at  Aerospace  Corporation.  Equivalent  results  were  obtained. 
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The  calculated  static  and  stagnation  temperatures  for  these  conditions  are  plotted 
in  Fig.  30  through  37*  as  a function  of  distance.  It  will  be  seen  that  the 
faster  rates  of  temperature  rise  in  the  HC1  systems  result  from  the  assignment  of 
a larger  rate  constant  to  the  F + HC1  pumping  reaction.  The  calculated  Mach  num- 
bers are  plotted  in  Fig.  38  through  45, 

The  reaction  types  included  in  the  first  kinetics  analysis  are  outlined  in  Table 
XIll*.The  nomenclature  employed  is  arbitrary.  The  reactions  HF(V)  + H = HF(V-l) 

+ II  are  designated  in  this  table  as  V-T  reactions,  while  the  reactions  HF(V)  + H 
= HF(V-2),  (V - 3) , etc.  + H are  designated  as  scrambling-deactivation  reactions. 


The  rate  constants  employed  in  this  kinetics  analysis  are  defined  in  Table  XIV. 

These  rate  parameters  were  obtained  from  discussion  with  Dr.  Norm  Cohen  of  Aero- 
space Corporation,  and  witli  Dr.  Wayne  Solomon,  then  of  AFRPL.  For  those  reactions 
contained  in  Dr.  Cohen's  compilation  of  recommended  rate  parameters,  his  values 
were  used.  Some  of  the  rate  expressions  contained  in  Table  XIV  are  simply  estimates. 
It  is  assumed  in  Table  XIV  that  the  very  exothermic  Reaction  VI-B  goes  only  to  HF(0). 
In  the  VIREL  program,  the  excited  states  of  HF  are  assumed  to  form  in  Reaction  VI-B 
in  proportion  to  the  concentrations  in  which  they  are  present.  Neither  of  these 
assumptions  appears  to  be  reasonable,  so  a product  distribution  should  be  estimated 
for  Reaction  VI-B  in  future  calculations. 


Because  N^  was  in  the  program  but  CF^  was  not,  it  was  expedient  in  the  Series  I cal- 
caultions  to  use  N^  to  account  for  CF^  deactivation,  but  the  rate  constant  used  for 
N9  (Table  XIV)  was  lower  than  the  value  that  has  since  been  measured  for  CF^  by 
about  a factor  of  1000  (see  Table  IV).  However,  the  deactivation  rate  obtained  for 
CF^  was  so  small  that  it  would  not  represent  a significant  deactivation  path  even  if 
the  larger  rate  constant  had  been  used. 


Presented  in  Fig.  46  through  53  are  the  predicted  species  plots  generated  directly 
by  the  VIREL  program.  These  plots  show  the  general  trend  of  increased  pumping 
rates  with  HC1  as  the  cavity  fuel.  The  individual  pumping  reactions  are  plotted  in 
Fig.  54  through  61.  These  rates  are  in  units  of  mole  fraction  per  cm.  In  all 
cases  where  HC1  is  the  cavity  fuel,  the  reaction  that  pumps  the  HF(3)  level  reverses 

*For  convenience.  Fig.  3 through  127  and  Tables  XIII  through  XXII  are  placed  at  the 
end  of  Phase  I. 
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aw  calculated  zero-power  gain  curves  are  presented  in  Fig.  62  through  69  lor 
i.iU:  lines  ff"},  P2  (4) , PI  (4),  PI  (5),  and  Pl(6'*  Although  not  shown,  most  of  the 
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Lines  did  not  reach  thesliold.  The  position  of  maximum  gain  occurs  closer  to 
the  nuzzle  as  the  theoretical  pumping  rate  is  increased  by  employing  HCi  as  the 
oavity  fuel*.  However,  the  maximum  power  calculated  for  the  P2  lines  is  essentially 
independent  of  whether  the  fuel  is  II.,  or  HCI  (the  HCI  reached  its  maximum  gain  so 
rapidl>  that  it  may  have  been  greater  than  that  calculated  at  9.05  cm,  the  first 
printout  position).  On  the  other  hand,  the  PI  gains  increase  by  factors  of  about 
i.5  to  3 when  the  II,  is  replaced  by  HCI. 
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Detailed  Kinetic  .Analysis.  To  gain  further  insight  into  the  effects  of  various 
.,pecies  on  the  kinetics  ot  the  cavity  reactions,  a computer  routine  was  written 
to  explore,  in  detail,  the  rates  of  specific  reactions  and  reaction  types.  Using 
the  composition  at  a given  distance  from  the  injector  as  calculated  by  the  VTRlii. 
pro  tram,  this  loutine  calculates  the  rate  for  each  reaction  and  sums  the  rates  ot 
various  : Lasses  cf  reactions.  When  desired,  the  rates  of  the  individual  reaction; 
can  be  listed.  An  example  of  such  a listing  for  reactant  system  VI,  Cir^-XD^-ile- 
HC1,  is  shown  in  Table  XV**.  In  Table  XV  the  rate  constants  are  in  units  of 


, .oj  e/cc) 


-1 


-1 


KF  and  KR  are  the  rate  constants  for  the  tot  ware  and 


directions,  respectively,  for  the  reaction  as  written.  Therefore,  KF/kR  is  the 
equilibrium  constant.  RF  and  RR  are  the  calculated  reaction  rates,  in  units  of 
moles  per  cc  per  sec,  in  the  forward  and  reverse  directions. 


Perhaps  an  even  more  informative  output  format  for  this  computer  routine  are  the 

rate  summaries  presented  in  Tables  XVI  through  XX.  The  downstream  positions  chose, 

for  these  calculations  were  those  at  which  either  the  PI  or  P2  lines  achieve  maxi 
mum  calculated  zero-power  gain.  The  following  examples  will  illustrate  the  type  -„t 

informal  i«.>  tns'  is  contained  in  these  tables.  In  case  I,  the  baseline  case,  it  . ., 

be  seen  from  Table  XVII  that  the  HF ( 1)  and  HF(2)  levels  are  increasing  at  the  same 
rate  and  the  HF(0)  is  increasing  more  slowly.  This  is  in  agreement  with  the  P2 


‘More  recent  data  Indicate  that  the  F + HCI  reaction  is  slower  by  about  a factor 
of  2o  Jian  the  „ates  employed  in  these  calculations. 

* ‘Results  presented  in  Tables  XV  and  XVIII  are  for  conditions  attained  with  a pre 
combustor  that  formed  5 percent  F-atoms.  All  other  kinetic  calculations  in  this 
report  were  based  on  10  percent  F-atoms  in  the  combustor  exhaust  (before  mixing 
in  cavity  fuel)  . 
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gains  being  at  their  maxima,  while  the  PI  gains  are  still  increasing  (Fig.  62). 

The  loss  of  HF (2)  is  about  one-half  the  rate  at  which  it  is  being  pumped.  This 
loss  is  mostly  from  HF-HF  V-V  processes,  particularly:  HF(2)  + HF(2)  HF ( 1 ) + 

HF (3) . The  HP ( 1 ) level  is  being  pumped  more  slowly  but  gains  overall  from  V-T 
and  V-V  processes  in  a cascading  effect.  The  HF(0)  is  not  formed  in  the  pumping 
reaction  but  is  formed  from  deactivation  of  the  higher  levels,  mainly  via  H + 

HF ( 2)  = H + FF(O)  and  H + HF(3)  = H + HF(O).  Therefore,  based  on  the  rate  con- 
stants used,  TF  is  not  particularly  detrimental  in  the  baseline  system  out  H atom 
reactions  and  the  inherent  energy  transfer  between  HF  species  are  the  limiting 
processes.  The  reaction  HF(2)  + HF(2)  = HF(1)  + HF(3)  does  not  remove  appreciable 
vibrational  energy  but  distributes  it  to  levels  where  the  gains  are  inherently  lower. 

When  the  H _ in  the  baseline  system  is  replaced  by  HC1  ( Table  XVIII),  thereby 
eliminating  the  detrimental  effect  of  H-atoms,  the  HF (0)  is  again  formed  at  an 
undesirable  rate.  About  two-thirds  is  formed  from  the  HF-HF  V-V  deactivation  of 
higher  levels.  More  HF(0)  is  formed  directly  in  the  pumping  reactions  than  in 
V-T  processes.  In  systems  containing  both  H2  and  CIF5,  the  reaction  of  H and  C1F 
occurs  quite  rapidly  but  an  assessment  of  the  effect  of  this  reaction  or  the  over- 
all gain  cannot  be  made  until  the  specific  pumping  rates  to  the  various  levels  of 
HCi  and  HF  have  been  determined. 

No  obvious  detrimental  effects  of  the  use  of  advanced  reactant  systems  are  indi- 
cated and  the  results  suggest  that  the  elimination  of  H^  (H-atoms)  would  be  bene- 
ficial if  the  new  pumping  reaction  does  not  form  appreciable  ground-state  HF. 

Series  II  Kinetic  Calculations,  Comparison  of  Systems: 

F2~D2~He~H2  an<^ 


Kinetic  calculations  were  l.'ter  conducted  to  compare  1^  and  C^Hg  as  cavity  fuels. 
The  baseline  precombustor  was  selected  for  these  calculations.  The  rate  constants 
used  in  these  calculations  were  updated  from  the  Series  I set  (Table  XIV)  based  on 
additional  data  that  became  available  and  discussions  with  several  people  inter- 
ested in  this  area. 

Rate  Constants.  The  revised  rate  constants  used  in  the  Series  II  kinetic  calcula- 
tions are  listed  in  Table  XXI. 
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V-T  Rate  Constants.  The  first  term  in  the  rate  expression  for  the  V-T  re- 

HF  was  increased  giving  the  following 


actions  HF(V)  + M = HF(V-l)  + M with  M 
expression: 


kv_T(M=HF)  = 1014'23VT-0,8  + 2.5  VT3' 5 


CI-4S) 


which  matches  the  experimental  value  (Ref.  18  through  21  ) at  a temperature  of 
300  K.  For  M = DF,  the  pre-exponential  factor  was  increased  to  fit  the  rate  data 
then  available.  The  following  rate  expression  was  then  obtained  by  separating 
the  HF-DF  V-V  rate,  which  was  estimated  as  1011'48  V: 


kv_T(M=DF)  = 106,5VT1,7  - 10n*48V 


(1-46) 


The  rate  of  deactivation  of  HF  by  propyl  radical  was  assumed  to  be  the  same  as 
the  rate  measured  by  Green  and  Hancock  for  propane  (Ref.  19*).  Because  our  book- 
keeping system  defines  these  processes  as  V-T,  the  following  rate  expression  was 
obtained: 


kv_T(M=C3Hg  + C3H7)  = 107-47VT2 


(1-47) 


HF-HF  V-V  Rate  Constants.  The  Series  I calculations  indicated  that  the 
rates  of  the  HF-HF  V-V  reactions  are  much  faster  than  any  of  the  HF-M  V-T  (or 
V-T,R)  reactions.  The  more  recent  results  of  Osgood,  Sackett,  and  Javan  (Ref.  22) 
indicate  that  some  of  these  HF-HF  V-V  reactions  may  be  much  faster  than  the  rates 
obtained  using  the  previously  estimated  rate  constants.  Based  on  these  results, 
the  rate  constant  for  the  reaction  HF(1)  + HF(1)  - HF  (0)  + HF(2)  was  increased 
slightly  to 

(1-48) 

k = 1.9  x 1012  x T1/2 

and  the  rate  the  reaction  HF(1)  + HF(2)  = HF(3)  + HF  (0)  was  increased  by  a 
factor  of  12  to 


12  1/2 

k = 9.2  x 10  x 7 ' 


(1-49) 


*A  lower  value  was  reported  by  Anlaub  et  al.  at  320  K (Ref.  44) 
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The  rate  constant  obtained  fromcq.  1-49  approaches  the  collision  frequency.  It  is 
not  likely,  therefore,  that  the  rates  of  the  HF-HF  V-V  reactions  will  increase 
further  for  the  higher  vibrational  levels  of  HF.  Therefore,  the  rate  constants 

_ r.n 

for  the  higher  levels  were  also  set  equal  to  Eq.  1-49  (in  the  faster,  exothermic, 
direction) . 


Pumping  Reaction.  The  rate  of  the  reaction  F »■  C-Hg  = HF  + C^Hy  was  taken  as 

that  reported  in  Ref.  23  and  was  assumed  to  be  constant  with  temperature  because 

13 

the  activation  energy  is  unknown.  This  global  puming  rate,  3.4  x 10  , is  slightly 

lower  than  the  rate  of  5 x 10^  measured  later  under  this  program  (Phase  III). 

The  distribution  of  vibrational  energy  in  the  HF  formed  was  taken  to  be  the  same 
as  in  the  F + H-  reaction  (Table  XIV). 

Conditions  Employed  in  Series  II  Kinetic  Calculations.  The  precombustor  product 
composition  was  taken  as  that  which  would  be  obtained  from  the  baseline  F2-D2~He 
precombustor  system  if  chemical  equilibrium  were  attained  at  a temperature  of  1500  K 
with  reactant  ratios  such  that  10  mole  percent  F atoms  are  present  in  the  pre- 
combustor exhaust.  To  this  hypothetical  mixture, fuel  (H2  or  C^Hg)  was  added  at  a 
fuel/F  molar  ratio  of  3.  This  gave  an  initial  premixed  composition  of  He  = 59.5 
mole  percent,  F = 7.69,  DF=  9.69,  and  fuel  = 23.1.  Similar  initial  compositions 
were  used  in  the  Series  I and  Series  III  kinetic  calculations. 

The  mixtures  were  assumed  to  be  initially  at  250  K and  the  cavity  pressure  was  0.01 
atm  (7.6  torr) . With  IL  the  velocity  was  2,488  x 10^  cm/sec  (initial  Mach  number 
of  3.5)  while  in  the  propane  case  it  was  1.468  x 10  cm/sec  (Mach  3.85).  Recent 
experiments  conducted  at  Rocketdyne  and  calculations  made  on  the  kinetic-mixing 
code  being  developed  under  a company- funded  project  indicate  that  higher  tempera- 
tures may  actually  exist  in  the  mixing  zone.  Unfortunately,  the  rates  of  many  of 
the  important  processes  have  been  measured  at  ambient  temperature  only  and  their 
temperature  coefficients  have  not  yet  been  established. 

Results  of  Seijis  II  Kinetic  Calculations.  The  theoretical  comparison  of  propane 
and  hydrogen  as  cavity  fuels  gave  the  following  results. 
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Calculated  Zero  Power  Gain.  The  zero  power  gain  curves  calculated  for  various 
HF  lines  are  plotted  in  Fig.  70  through  72  for  and  Fig.  73  through  75  for  propane. 
Because  of  the  increased  HF  V-V  rates  used,  maximum  gain  is  reached  in  a much  shorter 
distance  for  the  baseline  case  than  in  the  Series  I Calculations  (Fig.  62).  The  fol- 
lowing approximate  equations  will  be  useful  in  the  discussion  of  these  quantitative 
results.  At  maximum  gain,  Gmax,  the  rates  of  the  pumping  and  deactivation  reactions 
are  approximately  equal: 


k • (F).  (Fuel)  s kd 


[HF*]' 


(1-50) 


If  the  very  crude  approximations  are  made  that  the  pumping  reaction  rate  is  con- 
stant up  to  the  point  of  maximum  gain,  and  the  gain  is  proportional  to  the  concen- 
tration of  excited  HF,  the  following  qualitative  relationship  is  obtained: 


max 


a VV 


1/2 


(1-51) 


Because  the  V-V  deactivation  rates  are  proportional  to  the  square  of  the  HF*  con- 
centration, they  will  not  become  a serious  loss  until  the  gain  approaches  its  max- 
imum value.  This  gives  the  approximate  relationship  for  the  time  tmax  required 
to  reach  maximum  gain: 


t * (HF*)  /k  G /k 
max  v max  p max  p 


(1-52) 


Comparison  of  Fig,  70  and  71  with  Fig.  62  indicates  that  increasing  the  HF-HF  V-V 
rates  markedly  decreases  the  gains  calculated  on  the  HF(2)  -*■  HF(1)  lines  with  1^ 
as  the  cavity  fuel.  The  gains  on  the  HF(1)  HF  (0)  lines  are  aiso  decreased,  but 
only  slightly.  These  trends  are  in  qualitative  agreement  with  Eq.  1-51.  The  V-V 
deactivation  rates  for  the  higher  HF  levels  were  increased  by  about  an  order  of 
magnitude,  and  those  for  HF(1)  by  a much  smaller  amount. 


The  calculated  zero  power  gains  are  higher  by  about  a factor  of  two  when  propane 
replaces  as  the  cavity  fuel.  This  is  true  for  both  the  PI  and  P2  lines.  The 
average  ratio  of  the  pumping  rate  constant  for  propane  to  that  for  IU  is  about  4 
over  the  temperature  range  of  250  to  300  K.  This  ratio  is  the  same  for  the  pump- 
ing of  both  HF (2)  and  HF(1).  Thus,  this  quantitative  result  is  also  in  agreement 
with  the  qualitative  Eq. 1-51. 
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With  both  fuels,  the  PI  lines  reach  their  maximum  at  a distance  from  the  nozzle 
that  is  about  twice  as  great  as  the  distance  where  the  P2  lines  reach  their  maxima. 
Since  the  P2  gains  are  higher  than  those  for  HF(1)  by  a factor  of  3.4,  Eq.I-52  in- 
dicates that  the  time  to  reach  maximum  PI  should  be  longer  by  a factor  of  1.35. 
Because  the  gas  velocity  with  »2  is  1.7  of  that  with  propane,  the  predicted  distance 
factor  is  2.3  in  qualitative  agreement  with  the  results  in  Fig.  70  and  71  and  in 
Fig.  73  and  74. 


I The  gain  curves  with  propane  reach  their  maxima  in  about  one-third  the  distance 

| compared  with  H?.  Substituting  into  Eq.I-52  that  G ma^  with  propane  is  higher  by 

| about  a factor  of  2 and  k is  higher  by  a factor  of  4,  the  H-  should  take  twice  as 

P Z 

€ long  to  reach  maximum  gain.  Thus,  the  qualitatively  predicted  distance  factor  is 

I 2 x 1.7  or  about  3.4,  in  agreement  with  the  more  exact  calculations. 


I 
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Pumping  Rates.  Figures  76  and  77  show  that  the  pumping  rates  at  a temper- 
ature of  2S0  K are  nearly  an  order  of  magnitude  faster  with  propane  than  with  H9, 
but  this  difference  becomes  smaller  as  the  temperature  increases  because  of  the 
difference  in  the  assigned  activation  energy.  It  should  be  noted  that  the  rates 
plotted  in  Fig.  76  and  77  and  later  figures  are  in  units  of  mole  fraction  per 
centimeter  and  involve  distance  units  rather  than  the  usual  time  units.  The  rate 
constants  for  pumping  from  propane  are  faster  by  a factor  of  5.2  at  250  K than  the 
rate  constants  for  pumping  from  H0.  Since  the  gas  velocity  in  the  H2  case  was 
chosen  to  be  1.7  times  that  of  the  propane  case  (to  give  similar  Mach  numbers), 
the  pumping  rates  in  distance  units  are  in  the  ratio  of  8.8  to  1 as  shown  in  Fig. 
7o  and  77. 


I Gas  Temperature,  Mach  Number,  and  Relative  Areas  of  Flow.  Figures  78  through 

E — “■ 

I 83  are  plots  of  the  gas  temperature,  Mach  number,  and  relative  area  of  flow  as 

% i 

| . a function  of  distance  for  the  two  cases.  The  temperature  rises  faster  with  pro- 

p I 

ft  pane  but,  with  either  fuel,  the  temperature  increases  only  about  50  degrees  before 

I 

« maximum  gain  is  reached. 

I 

i | 

w 1 

j|:  i Species  Plots.  The  calculated  mole  fractions  of  the  various  species  as  a 

Because  the  excited  states  of 


function  of  distance  are  snown  in  Fig.  34  and  85. 


liF  were  assumed  to  form  in  the  same  ratio  in  both  pumping  reactions,  these  figures 
are  quite  similar.  With  propane  in  place  of  H9,  the  propyl  radical  replaces  H 
atom  as  the  species  that  builds  up  from  the  pumping  reaction.  The  further  reactions 
of  the  propyl  radical  with  I;-atoms  (e.g.,  to  form  HF  and  propylene)  were  not  in- 
luded  because  they  would  not  greatly  affect  the  results  in  this  calculation  (be- 
cause of  the  large  excess  of  propane)  unless  a product  was  obtained  that  was  ex- 
tremely efficient  in  deactivating  HF.  The  arrows  at  the  bottom  of  these  two  fig- 
ures indicate  (for  comparison  purposes)  the  distances  at  which  the  calculated  zero 
power  gain  curves  reach  their  maxima . 

Detailed  Kinetic  Analysis.  A very  detailed  kinetic  analysis  was  presented  for  the 
Series  1 calculations.  The  purpose  of  such  an  analysis  is  to  identify  the  more 
important  reactions  of  the  many  which  can  occur  in  these  reaction  systems.  The 
numerical  analysis  method  that  was  developed  is  quite  informative,  but  rather 
difficult  to  use.  For  this  reason,  additions  were  made  to  the  VIREL  code  so  that 
rates  of  various  reactions  and  classes  of  reactions  could  be  machine-plotted  as  a 
function  of  distance.  These  plots  are  simpler  to  review  and  have  the  added  advant- 
age that  the  analysis  is  not  limited  to  a single  distance  from  the  injector. 

The  four  curves  in  Fig.  36  demonstrate  the  types  of  reactions  that  are  most  im- 
portant with  respect  to  the  formation  and  loss  of  the  species  HF(2).  The  reaction 
rates  are  plotted  on  a linear  scale  with  positive  rates  indicating  the  formation 
of  HF (?)  and  negatives  rates  the  loss  of  HF(2).  These  curves  were  obtained  with 
H?  as  th?  cavity  fuel.  In  agreement  with  the  species  plot  (Fig.  34  j,  the  total 
rate  of  formation  of  HF(2)  becomes  zero  at  a distance  of  about  2.4  mm.  The  detailed 
analysis  shows  however,  that  HF (2)  is  still  being  pumped  at  a rapid  rate,  but  the 
rate  of  V-V  deactivation  has  increased  to  the  point  where  the  deactivation  rate 
equals  the  pumping  rate.  It  can  also  b;  seen  from  Fig.  *6  that  the  V-T  and  scramb- 
ling reactions*  are  not  fast  enough  to  affect  the  concentration  of  HF(2). 

Similar  piots  are  presented  in  Fig.  87  and  88  for  the  species  HF(1)  and  HF (0) . 

It  can  be  seen  that  the  rate  of  formation  of  HF(1)  becomes  equal  to  the  rate  of 

*S cramb ling  reactions  have  been  arbitrarily  defined  as  the  reactions  of  H-  and  D- 
atoms  with  HF  and  HF*  in  which  isotope  exchange  occurs  or  AV>1.  Therefore,  the 
reaction  il  + HF (.2)  = HF(0)  + H is  defined  as  a scrambling  reaction  while  H + HF 
(2)  = liF(l)  + H is  a V-T  reaction. 
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of  formation  of  HF(2),  a point  just  before  the  HF  (2)  -*■  HF(1)  transitions  reach 
maximum  gain.  A similar  situation  is  demonstrated  with  HF(1)  and  HF (0) . 

In  Fig.  89  and  90  are  plots  of  V-V  rates  only  for  the  species  HF (2)  and  HF ( 1 ) . 

The  "total"  V-V  curves  in  these  plots  are  the  same  as  the  V-V  curves  on  the  pre- 
vious plots.  Also  shown,  however,  are  the  rates  of  the  individual  V-V  reactions 
HF-HF,  HF-H?,  and  HF-DF.  It  can  be  concluded  from  these  plots  that  the  HF-HF  V-V 
reactions  are  the  dominant  energy-transfer  process  in  an  HF  laser. 

Figure  91  compares  the  rates  of  individual  V-T  reactions  of  HF(1).  The  deactiva- 
tion by  DF  is  the  main  V-T  reaction.  All  of  the  V-T  processes  are  slow  compared 
to  the  V-V  processes. 

The  rates  of  formation  of  HF (0)  by  various  scrambling  reactions  are  shown  in 
Fig.  92.  Of  these,  H + DF(0)  ->•  HF(0)  + D is  dominant,  but  the  rate  is  quite  slow 
until  well  beyond  the  point  of  maximum  gain. 

The  results  of  a similar  detailed  kinetic  analysis  for  the  propane  system  are 
plotted  in  Fig.  93  through  99.  The  results  obtained  were  similar  to  those  of 
the  H2  system.  HF-HF  V-V  reactions  dominate  the  energy-transfer  processes.  Deacti- 
vation by  CJIg  and  C^H.,  is  the  fastest  of  the  V-T  reactions,  but  is  slow  compared 
with  the  V-V  reactions,  especially  in  the  case  of  the  species  HF(2). 

This  kinetic  analysis  demonstrates  that  the  theoretically  limiting  "deactivation" 
processes  are  HF-HF  V-V  reactions  whether  the  cavity  fuel  is  H2  or  propane.  The 
faster  rate  of  the  pumping  reaction  from  propane  accounts  for  the  larger  theoret- 
ical zero  power  gain  that  was  obtained  in  the  computations  described  earlier.  Be- 
cause the  HF-HF  V-V  rates  used  in  these  calculations  are  so  large,  deactivation 
by  other  species,  including  DF,  is  found  not  to  be  an  important  process.  There 
is  experimental  evidence,  however,  that  the  presence  of  DF  may  be  detrimental  in 
real  systems. 
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Series  III  Kinetic  Calculations,  Comparison  of  H2  and  HBr 
as  Cavity  Fuels  With  Baseline  and  DF-Free  Precombustor 

The  Series  III  kinetic  calculations  compared  the  predicted  zero-power  gains  for 
the  cavity  fuels  (ll9  and  HBr),  using  both  the  baseline  F2-D2~He  precombustor  and 
a DF-free  precombustor  (F2- (CN) 2~He)  employing  again  the  premixed  approximation. 
The  calculated  gas  temperatures,  Mach  number,  and  relative  areas  of  flow  are 
plotted  in  Fig.  100  through  111. 

The  rate  constant  employed  in  this  series  of  calculations  are  listed  in  Table  XXII 
The  rate  of  F + HBr  pumping  reaction  is  that,  measured  in  Phase  I'll  of  this  program 
(see  later  section).  The  HF-HF  V-V  rates  art  about  an  order-of-magnitude  smaller 
than  the  rates  measured  by  Osgood,  et  al.  These  rates  were  selected  because  cal- 
culations made  using  the  Rocketdyne  kinetic-mixing  code  indicated  that  agreement 
with  experiment  coulu  be  obtained  only  if  the  slower  V-V  rates  were  used.  The 
deactivation  of  HF  by  HBr  was  assumed  to  be  entirely  a V-T,R  process  for  the  pur- 
poses of  these  calculations.  The  rate  at  298  K is  1.4  x iO11  (mole/cc)-l  sec-1, 
in  agreement  with  the  rate  measurements  of  both  Bott.  and  Cohen,  and  Ahl  and  Cool 
(Table  IV).  Ahl  and  Cool  found  the  rate  at  350  K to  be  lower  by  a factor  of  about 
2 than  at  300  K. 


The  species  plots  are  presented  in  Fig.  112  through  115.  The  species  CF4  and 
are  r.ot  shown  in  these  plots.  In  Fig.  116  through  127,  the  calculated  zero  power 
gain  curves  are  compared  for  selected  lines.  Maximum  gain  was  reached  in  a shorter 
distance  with  HBr  because  of  the  faster  pumping  rate.  The  presence  of  DF  had 
little  effect  on  the  calculated  gain.  The  gain  curves  for  the  baseline  fuel,  H,, 
were  similar  to  those  obtained  in  the  Series  I calculations  because  the  slower 
HF-HF  V-V  rates  were  again  employed. 

The  calculated  gains  on  the  HF(1)  -*■  HF(O)  lines  were  smaller  by  a factor  of  2 for 
HBr  compared  to  H^  (see  Fig.  116  and  118).  The  maximum  gains  are  higher  for  H.; 
by  a factor  of  3 on  the  P2(3),  and  P2(4)  lines  and  a factor  of  2 on  P2(5)  anc  P2(6 
(Fig.  120  and  122).  The  gains  calculated  on  the  h'F(3)  -*■  HF(2)  lines  are  much  great  < 
for  HBr  (see  Fig.  126  and  127)  because  the  F + HBr  pumping  reaction  is  more  exo- 
thermic. A detailed  kinetic  analysis  was  not  conducted  for  the  HBr  systems. 


Conclusions  and  Recommendations 

The  following  conclusions  are  indicated  by  the  results  of  the  kinetic  analysis: 

1.  The  fast  11F-HF  V-V  processes  dominate  energy  transfer  in  the  cavity. 

2.  Species  such  as  CF^  and  SF^,  that  are  formed  from  advanced  precombustor 
fuels,  do  not  deactivate  11F  nearly  as  rapidly  as  does  DF.  Therefore, 
based  on  the  mechanisms  used  in  the  calculations,  advanced  precombustor 
reactant  systems  should  have  no  detrimental  effect  on  laser  efficiency 
except  for  those  combinations  that  generate  increased  amounts  of  DF 
(e.g.,  NF,  + ND^) . The  effects  of  some  potential  cavity  reactions, 
such  as  the  reaction  of  H atom  with  C1F  or  0?  formed  in  the  precombustor, 
were  not  evaluated. 

3.  Cavity  fuels  that  undergo  faster  pumping  reactions  with  F atoms  give 
higher  zero-power  gains  provided  that  the  energy  distribution  of  the 
pumping  reaction  is  favorable  (in  particular,  iL  little  ground-state  HF 
is  formed) . 

4.  The  zero-power  gains  are  calculated  to  be  higher  by  a factor  of  2 when 
propane  replaces  H2  as  the  cavity’  fuel.  Most  of  this  increase  results 
from  the  pumping  rate  (faster  by  a factor  of  O although  some  minor 
benefits  are  obtained  from  the  elimination  c r H atom.  This  prevents 
the  occurrence  of  reactions  such  as  H + DF  = HF(0)  + D and  H + HF(2)  = 

II  + HF (0) . 

5.  The  cavity  fuels  MCI  and  HBr  have  the  potential  for  improved  performance 
over  II?  but  the  calculations  made  on  these  fuels  were  not  conclusive 
in  this  respect.  HC1  and  HBr  do  not  form  H atoms,  which  can  undergo 
the  detrimental  reactions  mentioned  above,  and  the  HBr  pumping  reaction 
is  faster  and  50  percent  more  exothermic  than  the  H.,  pumping  reaction. 
Because  the  distributions  of  the  excited  states  of  HF  formed  are  differ- 
ent from  the  distribution  from  I^,  the  comparison  of  zero-power  gains 
does  not  yield  directly  a figure  of  merit.  Extracted  poweT  calculations 
would  give  a more  definitive  rating. 
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The  energy  lirtribution  in  the  F + HC1  pumping  reaction  is  somewhat  less  favor- 
able than  in  the  F + H,^  reaction  because  more  ground-state  HF  and  less  HF(3)  is 
formed.  Tie  conclusions  that  can  be  drawn  from  the  HC1  calculations,  which  were 
conducted  early  in  the  program,  are  limited  also  by  the  use  of  too  large  a rate 
constant  for  the  F + HCi  pumping  reaction. 

The  F + HBr  global  pumping  rate  is  faster  by  a factor  of  3 than  the  F + H2  rate 
(see  Phase  III  of  this  report).  The  F + HBr  pumping  reaction  is  exothermic  by 
4C.S  kcal/mole  compared  with  31.9  for  the  F * reaction.  This  leads  to  a more 
favoraole  energy  distribution  in  th'  higher  levels:  20  percent  in  HF('1),  27  per- 

cent in  HF (?) , 30  percent  in  HF(2),  and  18  percent  in  HF(1).  However,  about  6 
percent  of  the  HF  molecules  are  formed  in  the  ground  vibrational  state. 

The  limited  effect  of  DF  on  the  zero-p'  wer  gains  that  were  calculated  resulted, 
in  part,  from  the  use  of  premixed  approximation  and  partly  from  the  assignment  of 
most  of  the  deactivation  by  DF  to  V-V  processes  (i.e.,  the  excited  DF  formed  may 
be  returning  part  of  its  vibra  onal  energy  to  HF  in  a subsequent  V-V  exchange). 
Decent  calculations  at  Rocketdyne  using  a kinetic-mixing  code  indicate  that  DF  is 
more  detrimental  in  the  cavity  of  an  HF  laser  by  several  fold  than  is  indicated 
by  calculations  using  the  premixed  approximation.  This  is  in  agreement  with  exper- 
imental observations  on  DF.  Also,  although  the  rate  of  deactivation  of  HF(1)  by 

PF  is  known  fairly  accurately,  the  relative  magnitudes  of  the  V-V  and  V-T,  R 
processes  are  not  certain  (Ref,  15  and  16). 

This  anal>  's  repvesevts  a step  in  the  attainment  of  an  understanding  of  the  cavity 

mechanisms  and  demonstrates  both  the  analytical  procedures  ana  the  detailed  rate 
data  that  are  reruired.  It  is  recommended  that  future  calculations  of  this  type 
be  made  with  Lr.ecic  mixing  codes  and  that  power  calculations  be  used  to  compare 
cavity  fuels  -,.iot  > oumping  reactions  have  different  energy  distributions. 

The  thermccr.U'.  icui  calculations  demonstrated  that  the  use  of  advanced  precombusr.or 
reactants,  with  better  physical  properties  than  and  F2,will  not  lead  to  reduced 
laser  performance  if  efficient  combustion  can  be  achieved,  and  may  lead  to  improved 
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performance  be  reducing  the  amount  of  DF  introduced  into  the  cavity.  The  kinetic 
calculations  indicate  that  the  use  of  cavity  fuels  with  pumping  rates  that  are 
faster  than  the  pump: 1 rate  with  H0  should  give  improved  performance  under  pre- 
mixed  conditions.  However,  in  an  actual  laser,  mixing  of  the  higher  molecular 

•/( 

weight  cavity  fuels  is  a oreMem,  as  shown  in  the  following  experimental  section. 


*Text  r_;  ~nes  on  per;-. 
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TABLE  XIII.  REACTION  TYPES  INCLUDED  IN  SERIES  I KINETIC  CALCULATIONS 


TYPE  I * COLO  PUMPING 

REACTION  I -A:  F + H2C  VI > = HFCV2)  + H 

CV2  = 0 TO  3#  VI  = 0 TO  2) 

REACTION: I -Bs  H + HFCV)  = H2CO>  + F 

CV  = A TO  6) 

REACTION  I-C:  F + HCLCO)  = HFCV)  + CL 

(V  s 0 T0  3> 

REACTION  I -D:  CL  + HFCV)  * HCL  ♦ F 

C V = 4 TO  6) 

TYPE  II*  HOT  PUMPING 

REACTION  II:  H + F2  = HFC  V)  + F 
TYPE  III*  V-V  ENERGY  TRANSFER 

REACTION  II I -A:  HF<V1>  + HFCV2)  = HFC  VI -1)  + HFCV2+1) 

CVl  = V TO  8>  V2  = V.l  TO  7) 

REACTION  1 1 1 -8:  HFCV!)  + H2C V2)  = HFCV1  + 1)  + H2CV2-1) 

CVl  = 0 TO  3*  V2  = 1 TO  2) 

REACTION  III-C:  HFC  V 1 ) + DFCV2)  = HFCV1-1)  + DFCV2+1) 

CVl  = l TO  8*  V2  = 0 TO  2) 

REACTION  III-D:  HFCV1)  + HCLCV2)  = HFCV1-1)  + HCLCV2+1) 

CVl  = 1 TO  8*  V2  = 0 TO  2) 

REACTION  III-E:  H2CV1)  + HCLCV2)  = H2CV1-1)  + HCLCV2+1) 

CVl  = 1 TO  2*  V2  = 0 TO  2) 

REACTION  III -F:  H2CV1)  + DFCV2)  = H2CV1-1)  + DFCV2+1) 

CVl  = 1 TO  2*  V2  = 0 TO  2) 

REACTION  1 1 1 -G:  HCLCV)  + DFCV-1)  s*  HCLCV-1)  + DFCV) 

C V = 1 TO  3) 
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TABLE  XIII.  (Concluded) 


TYPE  IV,  V-T  DEACTIVATION 


REACT I ON 

I V-A: 

HFC  V> 

+ 

M HFJV-l) 

+ 

(V  = 

} 

TC  _• 

REACTION 

I V-B: 

DFC  V) 

•V 

t*  = D--  v-n 

+ 

C V = 

1 

TO  5) 

REACTION 

I V-C: 

H2C  V) 

+ 

M = H2C  V-  ;) 

4 

(V  = 

) 

TO  2) 

REACTION  I V-D:  HCLC V)  + M = HCLCV-f.-  + M 

(V  = 1 TO  3) 

TYPE  V,  SCRAMBLING-DEACTIVATION 

REACTION  V-Ai  HFCV)  + H = HFCV-I)  + H 

(V  = 2 T0  7,  I = 2 TO  V) 

REACTION  V-B:  DFC  V)  + H = HFCV-I)  + D 

CV  = 1 TO  2>  I = i TO  V) 

REACTION  V-C:  HFCV)  + D - DF(V-I)  + H 

(V  s 0 T0  3,  I = 0 TO  V) 

REACTION  V-D?  H2CV)  + D = HD  + H 

(V  s 0 T0  1) 

REACTION  V-E:  HD  + D = D2C0)  + H 
TYPE  VI,  MISC. 

REACTION  VI -A:  F + CL2  = CLF  + CL 

REACTION  VI -B:  H + CLF  = HFCO)  + Cl. 

REACTION  VI-C:  H + CLF  - HCLCO>  + F 

REACTION  VI -D:  D + CLF  = DFCO)  + Cl 
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TABLE  XIV.  RATE  CONSTANTS  EMPLOYED  IN  SERIES  I 
KINETIC  CALCULATIONS* 


(Reaction  I -A)  and  l«v«fll  (1-1): 


F + H2  « HF(I)  + H 
F + H2  - HF(2)  + H 
F + H2  - HF{3)  ♦ H 
H + HF(N)  - H2(0)  ♦ F 
H + HF(5)  - H2(0)  ♦ F 
H ♦ HF(6)  - «2(fl)  ♦ F 


F ♦ HCI{0)  - HF(0)  ♦ Cl 
F + HCI'O)  - HF(I)  ♦ Cl 
F ♦ HCI(O)  - HF(2)  ♦ Cl 
F + HCI(O)  - HF(3)  ♦ Cl 
Cl  + HF(M  - HCI  ♦ F j 
Cl  + HF(5)  -HCI  + F | 

Cl  + HF(6)  - HCI  ♦ F ' 

F2  Fumplna  (Raactlon  II): 

H + F2  - HF{0)  + F 
H ♦ F2  - HF{I)  ♦ F 
H + F2  - HF(2)  ♦ F 
H + F2  - HF(3)  ♦ F 
H + F2  » HF(I|)  ♦ F 
H + F2  - HF(5)  + F 
H + Fj  * HF(t)  * F 
H + F2  - HF(7)  + F 
H + F2  - HF(8)  ♦ F 

- HF  V-V  Froc«i««»  (RMCtlon  I II -A) 


HF(O)  + I 
HF(I)  ♦ I 
HF<2)  + I 
HF(3)  ♦ 
HF(k)  ♦ 
HF(5)  ♦ 
MF{6)  ♦ 


HF(I)  + HF(2) 
HF(2)  ♦ HF(3) 
HF(3)  ♦ HF(4) 
HFW  ♦ Hr(s) 
HF(5)  ♦ HF(6) 
HF{6)  + HF (7) 

HF(1)  + HF(3) 
HF  (2)  + HF(k) 
HF (3)  ♦ HF(5) 
HF(k)  ♦ HF(t) 
HF(5)  ♦ HF (7) 

HF(I)  ♦ HF(k) 
HF(2)  + HF(5) 
HF (3)  ♦ HF (63 
HF(*)  ♦ HF(7) 


HF(0)  ♦ HF<3) 
HF(I)  ♦ HF(lt) 
MF (2)  ♦ HF(5) 
HF (3)  HF(t) 
HF(lt)  ♦ HF<7) 
HF(5)  ♦ HF (8) 

HF(0)  + HF(k) 
HF(I)  ♦ HF{5) 
MF(2)  + HF(6) 
HF(3)  + HF(7) 
HF(k)  ♦ HF(8) 

HF (0)  ♦ HF(5) 
HF(1)  ♦ HF(6) 
HF(2)  ♦ HF(7) 
HF(3!  ♦ HF(8) 


It  - lo'3’41  up  (-I400/RT) 
k - 10*3^  txp  (-I400/RT) 
k - IO»>-tt  up  (-I400/RT) 
k - I013,23  up  (-5W8T) 
k • lO13,32  up  (-570/RT) 
k - I013,81  up  (-5I0/RT) 


F -f  HCI  Pumping  (Ruction  l-C)  and  .Ravartt  (l-P) 


k - t013-2>  up  (-J00/RT) 
k - I O1 3,53  cup  (-WO/RT) 
k - I0U,U  up  (-J00/RT) 
k - tO13*2®  up  (-J00/RT) 


Not  Ineludad 


k - 10I2,M  up  (-2400/RT) 
k - IO,2-*°  up  (-2400/RT) 
k • I0!2-5''  up  (-2400/RT) 
k - I0,2,5<  up  (-2400/RT) 
k - I01 3-20  up  (-2400/RT) 
k - lO13,56  axp  (-2400/RT) 
k - 1 01 3,68  up  (-2400/RT) 
k - 1 01 2,711  up  (-2400/RT) 
k - 10’2-*°  up  (-2N00/RT) 


k - !0'2-18  I0’5 


k - IQ. 1 •**  T0-5 


k - I0"-57  I0'5 


k-to"-27  T°-3 


TABLE  XIV.  (Continued) 


Hf  - hj  V-V  Processes  (Reaction  1 1 1-8): 


HF  (0) 

♦ 

h2(I) 

- 

HF(1) 

4 

h2(o)  ) 

k 

,0».95 

HF  (0) 

4 

Hj(2) 

■ 

HF  ( 1 > 

4 

h2(»  f 

HF  ( 1 ) 

4 

h2(D 

- 

HF  (2) 

4 

H2<°)  j 

k 

10l2.k6 

HF(I) 

4 

H2(2) 

*■ 

HF<2) 

4 

H2  < 1 ) ) 

HF(2) 

4 

h2(i) 

• 

HF(3) 

4 

H2(0) 

k 

|0I2.95 

HF  (3) 

4 

H2(l) 

- 

HF(it) 

4 

h2(0) 

k 

.0*3-20 

HF  - DF  V- 

Processes  (Reaction  III* 

C): 

HF(  1 ) 

4 

0F(0) 

HF(0) 

4 

DF  ( 1 ) 

.....OS 

HF(I) 

4 

OF  (1 ) 

HF(0) 

4 

DF (2)  } 

k 

HF(I) 

4 

OF  (2) 

HF  (0) 

4 

0F(3)  ) 

HF  (2) 

4 

DF(0) 

HF(!) 

4 

OF  ( 1 ) 

1 01 1 ‘37 

HF<2) 

4 

DF(I ) 

HF  ( 1 ) 

4 

0F(2) 

k 

HF(2) 

4 

DF(2) 

hF  (1 ) 

4 

or  (3) 

nF(3) 

4 

OF  (0) 

HF(2) 

4 

DF  ( 1 > 

io"-5' 

HF  (3) 

4 

OF  ( l ) 

HF(2) 

4 

0F(2) 

k 

HF  (3) 

4 

OF  (2) 

HF(2) 

4 

OF  (3) 

HF  (4) 

4 

OF  (0) 

HF  ( 3 ) 

4 

DF  ( 1 

lo"‘6? 

HF(M 

4 

0F(l) 

HF(3i 

4 

0F(2> 

k 

HF(<0 

4 

OF  (2) 

HF(3> 

4 

OF  (3) 

hc(5) 

4 

OF  (0) 

•iF(M 

4 

DF(1) 

|0M.76 

H?(5) 

4 

0F(l) 

HF(M 

4 

DF  (2) 

k 

HF(S) 

4 

OF  (2) 

HF(lt) 

4 

DF  (3) 

HF(6) 

4 

OF  (0) 

HF(5) 

4 

DF  ( 1 > 

ic"'®1* 

HF(6) 

4 

0F(1) 

HF(5) 

4 

DF  (2) 

k 

HF  (6) 

4 

0F(2) 

HF(5) 

4 

DF(3) 

HF  (7) 

4 

OF  (0) 

HF(6) 

4 

DF  ( 1 ) 

l0n.9i 

HF  (7) 

4 

OF  ( 1 ) 

HF(6) 

4 

DF  (2) 

l k 

HF  (7) 

4 

OF  (2) 

MF<6) 

4 

DF(3) 

) 

HF  (8) 

4 

OF  (0) 

HF  (7) 

4 

DF  ( I ) 

) 

,0n.97 

HF(8) 

4 

OF  ( 1 ) 

HF  (7) 

4 

OF  (2) 

1 ^ 

ae 

HF  (8) 

4 

OF  (2) 

HF(7) 

4 

DF  (3) 

) 

HF  - HCI  V 

-v 

Pro-'es^es  (Reaction  III 

-0): 

These  rste  constants  were  assigned  the  same  values  as  for 
the  HF  - OF  V-V  processes  above. 

H?  - HCI  V-V  Processes  (Reaction  lll-E): 


H2(l)  ♦ HCI (G) 


H2(0>  ♦ HCI (I ) 


H2(l)  + HCI(I)  - M2 (0)  ♦ HCI (2) 


H2(l)  + HC! (2) 
H2 (2)  ♦ HCI (0) 


H2(2) 


HCI  (I) 


H2(0)  ♦ HCI (3) 
H2(I)  + >ir  1(1) 


10 


12.00 


H2(l) 


HCI (2) 


H2(2)  ♦ HCI (2)  - H2(l)  ♦ HCI (3) 

H2  - OF  V-V  Processes  (Reaction  lll-F); 

These  rate  constants  were  assigned  the  same  values  as  for 
the  Hj  - HCI  V-V  processes  above. 
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TABLE  XIV., (Continued) 


HCl  - OF  V-V  Procum  (Action  hl-6): 

mci(i)  ♦ or (o)  - hci (o)  + or(i ) 

HCl (2)  ♦ OF ( 1 ) • HCl (1 ) + OF (2) 

HCl (3)  + OF (2)  - HCl (2)  ♦ OF(S) 


Hf(V)  * H « HF  (V-l)  ♦ H 


¥ - T, 


JLXl 


H - HF 
H a OF 
M - HCl 
HF(I ) + H 
HF (2)  ♦ H 
HF (3 ) ♦ H 
HF(k)  ♦ H 


HF(O)  + H 
HF(1)  + H 
HF(2)  + H 
HF(3)  ♦ H 


1J.00 


HF (5)  ♦ H * HF (4)  + H 
HF (4)  ♦ H • KF{5)  ♦ H 
HF(7)  ♦ H • HF(I)  ♦ H 
HF (I)  ♦ H.a  HF<7)  ♦ H 
K • H2  ' 

M - Mj,  FJt  Ha 
HF ( 1 ) ♦ F - HF (0)  ♦ F 
HF(2)  ♦ F - HF ( I ) + F 
HF(3)  ♦ F • HF(2)  ♦ F 
HF(I»)  ♦ F - HF{3)  + F 
HF(5)  + F - HF(I|)  ♦ F 
HF(t)  a F - HF(5)  ♦ F 
HF(7)  ♦ F - HF (ft)  ♦ F 
MF(8)  ♦ F • HF (7)  ♦ F 
M - Cl 

H - C1F,  CF^ 

H - Clj,  HO,  Oj,  0 

OF(V)  4 H > OF  (V-l)  aH  V • T.  H Pr— «tu 

H « HF.  HCl,  OF 
H - H,  F,  Cl,  0 
H - la 
H • Hj,  Fj,  Cl2,  CIF 
M - CF. 


10 


lift  11:^1 '■ 

k a * T-#-»  a 10°-W  T»**J 

k a * (!.»*•«  T«  * a lo'0^  t’’5) 
k . ,„«•»  T*»«  a 10-°-JI  T** 
k • io'J-*  up  (-jjo/rr) 
k • I01****  mp  (-J10/KT) 
k a „«»■*•  mo  (•ItM/RT) 
k a aoo  {-«»/* T) 

k a up  (-I70/M) 

k a iel,,S7  up  (-M*/*T) 

k a aa#  (-5J0/KT) 

k a t*1*-*4  mp  (-WO/KT) 
k a » T1) 

k a y T*) 


10 


10.11 


(-1100/HT) 


k • 1010-'*  aao  (-S0O/HT) 


10.  II 


k a 10 


k * lO10,0®  T an  (-1000/HT) 
k - ¥ (tO*1-1® 

k a 0 


r) 


ISMU'IUL-II1 

k a \p\kM  mp  (-I1IO/OT) 

(-HOO/OT) 


k • 10^’*®  T 


k-  I* 
k a ,0**-’»  T* 
k.,0*'-,#  l' 


H}  (V)  ♦ H a H>  (V-l)  a H V - T,  » Ffi 
H » H,  H, 


k a y T*-5) 


M • *11  oth«r» 

hci(v)  a «i  jv-D  ±*  v - T.  it  PmMtm  l! 


k a V T*'}) 


HF,  HCl,  OF 

k a I01*'**  U7  (-2I0C/IT) 

H,  F,  Cl,  0 

k a I05'00  T up  (-IIOO/HT) 

HJt  Ha 

# 

k.  !C->'!0  T* 

Hj,  Fj.  Cl2,  CIF 
CF, 

k 10  T* 
k.lO-'-'#  T* 
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TABLE  XIV 


(Concluded) 


HF(V)  * H - HF(V»)  4 H Scranbl  ing-Qeact  i va»,  i jn  (Rcactior  V-A) 


CVJ 

U. 

X 

4 H 

HF  (0) 

♦ 

H 

Hf(3) 

♦ H 

HF  ( 1 ) 

4 

H 

Hf  (3) 

4 H 

HF  (O) 

4 

H 

HF(k) 

♦ H 

HF  (2) 

4 

H 

HF(k) 

4 H 

HF  ( 1 ) 

4 

H 

HF  (k) 

4 H 

HF  (0) 

» 

H 

HF  (5) 

♦ H 

HF  (3) 

4 

H 

HF  (5) 

♦ H 

■■ 

HF  (2) 

4 

H 

U. 

X 

♦ H 

HF(I) 

4 

H 

HF(5) 

♦ H 

HF  (0) 

4 

H 

HF  (6) 

♦ H 

HF(k) 

4 

H 

HF  (6) 

4 H 

HF  (3 ) 

4 

H 

HF  (6) 

4 H 

HF  (2) 

4 

H 

HF  (6) 

♦ H 

HF  ( 1 ) 

4 

H 

HF(6) 

♦ H 

HF(0) 

4 

H 

HF(7) 

♦ H 

HF  (5) 

4 

H 

HF(7) 

ri 

Hr(k) 

* 

H 

HF  (7) 

4 H 

HF  (3 ) 

4 

H 

HF  (7) 

4 H 

HF  (2) 

4 

H 

HF  (7) 

♦ H 

HF  (1 ) 

4 

H 

HF  (7) 

y H 

HF  (0) 

4 

H 

OF (V)  + H 

HF(V)  + 0 

Scr 

0F(l) 

♦ H 

HF  (0) 

4 

0 

0F(2) 

♦ H 

HF  ( 1 ) 

4 

D 

OF  (2) 

♦ H 

HF  (0) 

4 

0 

HF(0) 

♦ 0 

OF  (0) 

4 

H 

HF(I) 

♦ D 

OF  ( 1 ) 

4 

H 

HF  ( 1 ) 

♦ 0 

OF  (0) 

4 

H 

HF  (2) 

♦ 0 

0F(2) 

4 

H 

HF  ( 2 ) 

4-  0 

OF  ( 1 } 

4 

H 

HF  (2) 

0 

OF  (0) 

4 

H 

HF<3) 

♦ 0 

OF  (3) 

HF(3> 

* D 

OF  (2) 

4 

»» 

HF(3) 

4-  0 

OF  ( 1 ) 

4 

H 

HF  (3) 

♦ 0 

OF  (0) 

4 

H 

HF(k) 

4-  D 

OF  (k) 

4 

H 

HF(k) 

4-  0 

OF  (3) 

4 

H 

HF  (k) 

♦ 0 

OF  (2) 

♦ 

H 

HF(k) 

4.  0 

OF  { 1 ) 

H 

HF(k) 

♦ 0 

OF  (0) 

4 

H 

HF(5) 

4-  0 

OF  (5) 

4 

H 

HF(5) 

♦ 0 

0F{k) 

♦ 

H 

HF  (5) 

4-  0 

OF  ( 3 ) 

4 

H 

HF(5) 

♦ 0 

0F(2) 

4 

H 

HF(5) 

4-  D 

OF  ( 1 ) 

4 

H 

HF  1 5) 

4 D 

OF  (0) 

♦ 

H 

Hp (V)  «•  0 

HO 

H bera* 

"ol 

H2(l) 

♦ 0 

HO  ♦ 

1 

Hj(0) 

♦ 0 

HO  ♦ K 

i 

10 


,13.68 

o'3-68 

013.82 

qI3.62 
0*3- ^2 
0I3  59 
0*3-29 
0*3.2O 
0*3-31 
0*3-51 

0*3-^ 

O'3-2^ 

0*3-27 

13.21 


exp  ‘ 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 
exp  ( 


■910/RT) 

•1000/RT) 

■1000/RT) 

■66S/RT) 

•665/RT) 

■665/RT) 

■570/RT) 

■570/RT) 

•570/RT) 

■570/RT) 

•550/RT) 

•550/RT) 

■550/RT) 

■550/RT) 


10* 3’ 52  exp  (-550/RT) 


+ 0 Scranbl inq-Deact i vat  ion  (Reaction  V~8  and  -C): 


k - I0I3°°  exp  (-500/RT) 


H bcra^ol ing-Oeactivation  (Reaction  V-P) • 


k - 10 


12.70 


HO  ♦ 0 ■»  0?  ♦ H Scrambling  (Reaction  V-E): 


MO  ♦ 0 - D2 (0)  4 M 

•ilaneous  Reactions  (Vl-A  throLgh  VI -0) ■ 

k - 

10*2-70 

F ♦ Clj  - C1F  4 Cl 

k - 

lO1"-73  exp 

(-IkOO/RT) 

H ♦ C1F  - HF ,G)  ♦ Cl 

k - 

,„lk.k8 
10  exp 

(-2I00/RT) 

H ♦ CIF  • HCI (0)  ♦ F 

k • 

. AW».k8 

10  exp 

(-2IOO/RT) 

o ♦ ctr  - of (o)  ♦ ci 

k - 

10  exp 

T-2I00/RT) 

^Re^^ons  are  ’tten  jn  exother-.ic  direction.  Rate  constants  are 
in  unics  oF  (nole/c:)“  sec  . 
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TABLE  XV. 


DETAILED  KINETIC  ANALYSIS  FOR  SYSTEM  ClFg-ND^HE-HCl  at  0.10  CM 


(0.60  microsecond,  the  position  of  maximum  gain  on  P2  lines; 
precombustor:  1500  K and  5 percent  F-atom)* 


REACT  TON  I -A:  F + 

HP  C V ! ) = i- 

F <.  VP  ) + r* 

(HP  COLD 

PUMPING) 

KF 

KR 

RF 

PL 

pp_pfj 

1 

HP ( 0 ) HE  ( 1 ) 

P.PPF+1P 

A.P3F-02 

A. 44E-3K 

P. A7F-47 

A. AAE-3P 

p 

HR ( 1 ) uFCi) 

P.PPE+12 

7.PSE- 10 

n 

3. 1 OF- 55 

-3. 1 OF- 55 

3 

H?  ( ? ) HF(l) 

P.PPF+ IP 

P.34E- 1 7 

O 

1 » OOF- 6P 

- 1 . OOF- AP 

4 

H2C0)  HFC?) 

7.53E+12 

3.59F+06 

1 .SOF-37 

? .OAF-39 

1 . apF-37 

r> 

H?< 1 ) HE (2) 

7.53F+ 12 

A. 1 8E-02 

0 

?.  AOF-47 

-P . /iOE-47 

A 

HP ( ? ) HF (?) 

7. 53F+1? 

1 .35F-09 

O 

7.77F-5S 

-7.77F-55 

7 

HP CO)  HF  ( 3 ) 

3.76F+1P 

1 .4AE+13 

7. 52F-3F 

1 .73F-33 

- 1 . 73F-33 

p 

HP ( 1 ) HF ( 3 ) 

3.76E+1? 

1 • 70E+05 

0 

2.01 F- 41 

-9.01 F-41 

9 

HPC?)  HF ( 3 ) 

3.76E+12 

S.51 F-03 

O 

6. 50F-49 

-6. 50F-4Q 

REACTION  1-5:  H + 

HFCV)  = H2 

CO)  + F (REVERSE  H2 

C0LD  PIIMPI 

NG, V=4-6) 

KF 

KR 

RF 

RR 

RF-PR 

10 

HFC  A) 

7.41F+1? 

A . 7PF+05 

3.03F-35 

9.5SF-4S 

3.03F-35 

PFACH0N  I-C:  F + 

HCLCO)  = HFCV)  + CL 

CHCL  PUMPING) 

KF 

KR 

RF 

RP 

RF-RP 

1 1 

HFCO) 

4 . 77E+ 1 2 

F.36E- 10 

6.65F-04 

1 .30E-PA 

A . A5F-G4 

1? 

HFU  > 

?.  1 3E+13 

1 • 36E-01 

P.9RF-03 

7. 19F-18 

2.9RE-03 

1 3 

HFC?) 

3.PAF+ 1 3 

3.53F+0A 

A • SSF-03 

P.51 F-  in 

A.  55F-03 

1 4 

HFC?) 

4 . 77E+ 1 P 

4. PI E+12 

6.65E-04 

6.  1 5F-05 

A. 04 E-04 

*Gas  static  temperature,  327.5  K;  species  concentrations  are  listed  in  Table  XVI. 
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TABLE  XV.  (Continued) 


PEACH  ON  I1T-A:  HF(V1)  + PF(V2>  = HF  <1/1-17  + HF<V2+1>  CHF-MF  W-VV 


KF 

KR 

rf 

RR 

RF-PR 

20 

1 + 1 

s 

0+2 

P.71F+13 

1 .27E+13 

6. 01F-04 

Q.P4F-06 

4.0RF-0/ 

P 1 

1+2 

X 

0+3 

1 .36F.+  13 

3.05F+1P 

3.36F-04 

4.54F-06 

3.31F-OA 

2? 

1 + 3 

X 

0+4 

ft . 79F+ 1 2 

7.4ftR+.l 1 

3.45F-05 

3.P4F-03 

3.45F-05 

23 

1 + 4 

X 

0+b 

3.39E+12 

1 .P.5E+1  1 

5.97E-07 

• 0 

5.97F-07 

?4 

2+? 

X 

1+3 

2.71F+13 

1 .-30F+13 

9.02F-04 

ft. ft  1 F-05 

P.36F-0A 

2b 

2+3 

X 

1 + 4 

1 .36F+13 

3. 1PF+12 

9.£ftfc-05 

5.SPF-0-7 

9.20F-05 

2ft 

2+/: 

X 

1 + b 

ft  • 7f>!"+ 1 ° 

7 .P7E+.1 1 

j .fpr-rs* 

0 

1 • ftOF-Oft 

27 

3+3 

X 

!»+/i 

3.71 F+ 1 3 

1 . 33F+ 1 3 

3.RHK-0S 

3. 1 3F-0A 

3.49F-0'' 

P.f- 

3+/. 

X 

2+S 

1 • 3AF+ 1 3 

3.29F+12 

A. SEE-07 

n 

ft..SFF-r7 

Pw 

/;+4 

X 

3 + 6 

2.71 fc+13 

1.34F+13 

4.55F-0& 

0 

/,  S*5F>or 

I 

r 


I! 

'! 


'■I 


m 


REACTION  I II-P:  HPCV1 > + H2CV27  = HF<Vt+!>  + HPCVP-I)  »/*V» 


KF 

<P 

RF 

RR 

30 

0+1 

s 

1+0 

9.00F+1 1 

3.79E+11 

- 0 

2. 49 F- 39 

31 

0+2 

5 

1+1 

9.00F+1  1 

1 .OftE+12 

0 

0 

32 

1 + 1 

X 

2+0 

2.90E+12 

S.74E+1 1 

n 

1 . 7PF.-3B 

33 

1+2 

X 

2+1 

2.90E+1? 

1 .ftOE+12 

0 

0 

3* 

2+1 

X 

3+0 

9.O0E+12 

B.53E+1  1 

0 

5.26F-39 

3 b 

2+2 

X 

3+1 

0 

0 

0 

0 

36 

3+1 

X 

4+0 

P.OOF.+  l 3 

9.27E+11 

0 

! *9PF>40 

37 

3+2 

X 

4+1 

0 

0 

n 

0 

RF-RR 

-P.40F-39 

o 

-1 .72F-3* 
n 

-5.2fte-3« 

n 

*1 . OFF- 40 

n 


REACTION  III — C S HF <V 1 ) ♦ DF<V2>  = HF<V1-1>  + DFCV2+17  (WF-CK  V-'O 


KF 

KP 

PF 

3B 

1+0 

X 

0+1 

1 .16E+!  1 

1 .12E+09 

2. POE-O 5 

39 

l + l 

X 

0+2 

1 .16E+1  1 

7.54E+0F 

2.60E-0R 

40 

1+2 

X 

0+3 

1 .16E+11 

5.06E+0P 

0 

41 

.2+0 

X 

1 + 1 

2.32E+1 1 

4.79F.+09 

7.52E-05 

42 

2+1 

X- 

1+2 

2.32E+1 1 

3*2  l.E+09 

6.97F-02 

43 

2+2 

s 

1 + 3 

2.32E+1 1 

2.15E+09 

0 

44 

3+0 

s 

2+1 

3.4BE+1  1 

1 . 50E+ l 0 

2.32E-05 

45 

3+1 

X 

2+2 

3.4PE+1  1 

1 .01E+10 

2.15E-0F 

46 

3+2 

s 

2+3 

3.48E+11 

6.75E+09 

0 

47 

4+0 

s 

3+1 

4.64E+1  1 

4.09F+10 

1.07E-06 

4ft 

4+i 

X 

3+2 

4.64E+H 

2.75F.+  10 

9.90E+10 

49 

4+2 

s 

3+3 

4.64E+! 1 

1 .B4E+10 

. 0 

SO 

5+0 

s 

4+1 

5.R0E+1 1 

l .03F.+  1 1 

0 

51 

b+1 

c 

4+2 

5.BOE+1 1 

6.93E+10 

0 

S2 

5+2 

X 

4+3 

5.B0F.+  1 1 

4.64F+10 

0 

Rr 

7.37E-1 1 
0 
n 

1 .07F-09 
0 
n 

4.51E-09 

0 

n 

2.52F-09 

O 

0 

p.pof- 10 
n 
0 


RF-FF 

?.20F-05 

P.ftOE-OP 

o 

7.52E-05 

6.97F-OP 

0 

2.32F-05 
2. isf-op 
n 

1 .07E-OA 
9.90F- 1 0 
O 

-p.pof-  i o 
r 
0 


REACTION1  : 

til 

-D: 

WFO/n  + HCL<  V2)  = HF<  V!  “ 1 ) + HCL.(V2+n 

fWF-MCL  V-V) 

KF 

KR 

RF 

RR 

RF-RR 

53 

1+0 

s 

0+1 

1 .16E+11 

1 .02E+09 

1 .81E-05 

4.31E-1 1 

1 .P1F-05 

5* 

1+1 

s 

0+2 

1.16E+11 

6.4RE+08 

1 .67E-03 

0 

1 • 67E-OP 

b’S 

1+2 

s - 

0+3 

1 . 1 6E+ 1 1 

4.12E+08 

0 

0 

0 

56 

2+G 

r 

1 +T 

2.32E+1 1 

4 . 35E+09 

4.P7E-05 

6.26E-10 

4.P7F-05 

57 

2+1 

— 

1+2 

2.32E+1 1 

2.76E+09 

4.  48F.**0R 

0 

4.4RF-0P 

5« 

2+2 

- 

1 + 3 

2.32E+1 1 

1 • 75F.+09 

0 

0 

0 

59 

3+0 

s 

2+1 

3.48E+1 1 

1 .36E+10 

1.50E-05 

2.63F-09 

1 .50F-05 

60 

3+1 

= 

2+2 

3.48E+1 1 

8.64E+09 

1 .3RF-0R 

0 

1 .3PF-0P 

61 

3+2 

tt 

2+3 

3.48E+1 1 

5.49E+C9 

0 

0 

0 

62 

4+0 

s 

3+1 

4.64E+11 

3.72E+10 

6.92E-07 

1 .47E-09 

6.90F-07 

63 

4+1 

3 

3+2 

4.64E+U 

2.36E+10 

6.36E-10  . 

0 

6.36F-10 

6 4 

4+2 

3 

.3+3 

4.64E+11 

1 .50EM0 

0 

0 

0 

' - 65 

5+0 

* 

*+l 

5.80E+1 1 

9.39E+10 

0 

1 .29F-10 

-1 .29F-tn 

66 

5+t 

3 

4+2 

5.80E+1 1 

5.95E+10 

6 

0 

0 

67 

5+2 

3 

4+3 

5.80E+1 1 

3.78E+10 

0 

0 

0 

m 


REACTION  IV-Al  HFCV)  + M * HF(V-l)  M (HF  DEACTIVATION'#  V-T> 


• 

KF 

KR 

RF 

RR 

RF-RP 

68 

V«*1 

MsHFCOJ 

9.74E+1 1 

2.69E+04 

5.26E-06 

4.25E-14 

5.26F-06 

69 

V=  1 

MsHFCl) 

9.74E+1 1 

2.69E+04 

1.80E-05 

1 .45E-13 

1 .P0E-05 

70 

V*1 

K*HFC2) 

9.74E+1 1 

2.69E+04 

2.41E-05 

1 .95E-13 

2.41 F-05 

71 

V*  1 

M=HF<3) 

9. 7*1+1 1 

2.69E+04 

4.95F-06 

4.00E-14 

4. 95F-06 

72 

Vs  l 

M=DF (03 

1 .62E+1 1 

4.48E+03 

3.92E-05 

3.17F-13 

3.92F-05 

73 

V*1 

M*DFCU 

1.62E+11 

4.48E+03 

3.63E-08 

2.03E-16 

3.63F-0P 

74 

V*1 

M=DF<2> 

1.62E+I! 

4.48E+03 

0 

0 

0 

75 

V=1 

M*DF ( 33 

1 .62E+1 1 

* • 4RE+23 

0 

0 

n 

76 

v=l 

M*HCLC0) 

1 .62E+11 

4.48E+03 

2.54E-05 

2.05F.-13 

c*.5*F-05 

77 

V"  1 

m*hclc n 

1 .62E+1 1 

4.48E+03 

2.33E-08 

1 .P9F-16 

2.33E-0P 

78 

V-l 

M=HCLC2) 

1.62E+11 

4. 4FE+03 

0 

0 

0 

79 

V=1 

M=HCLC3> 

1.62E+11 

4.48E+03 

0 

0 

n 

80 

v-l 

X 

u 

s 

5.32E+12 

1 »47E*05 

2.28E-33 

1 .P4E-41 

2.2PF-33 

81 

V=  1 

M*H2C0) 

6.44E+09 

|.78E*02 

1 .44E-40 

I.16F.-48 

1 .44E-40 

82 

v*l 

M*H2( 1 > 

6.44E+09 

1.78E*02 

0 

0 

o 

83 

V=  1 

M»H2(2> 

6.44E+09 

1.78E+0& 

0 

0 

0 

90  l 

....  .!•'  / 


o 


TABLE  XIV.  (Continued) 


a* 

V=  1 

M=N? 

9 • 90E+06 

2.54E-01 

3.  R /if  - 10 

3.1  nr- IP 

3.P4F-10 

?h 

9=1 

M=F2 

9.20F+06 

2.5400! 

l .500.-16 

1 .21024 

1 .5001:6 

t'h 

Vs  1 

•y=HH’ 

9.20r>06 

2,54001 

R.82F-00 

7 . 1 3E- 1 7 

8.92009 

91 

v=i 

M=F 

9.06E+11 

R.bOE+'U 

1 .49 F- 05 

1 .2! F-13 

l .49005 

f:p 

9=1 

M=CL 

7.04011 

1 .94F+04 

3.74025 

3*02012 

3.740  05 

CV 

V=  1 

M = Cl.h 

P.pnOOR 

2.54E+01 

7.2902* 

5.73F-16 

7.r»or-0R 

90 

V=1 

M=CF4 

9.20F+0  f' 

2.S4E+01 

0 

n 

n 

91 

V=1 

M=  CL'-1 

0 

n 

0 

o 

0 

99 

V=P 

M=HFCO> 

1 .9bE>12 

l . 14F.+  05 

1 .41005 

6.1 80 13. 

1.41005 

93 

V=2 

M=HFC  1 ) 

1 .95F+1P 

1 .14E+05 

4.82E-05 

2.11012 

4.22005 

9/1 

9=2 

M=HFC21 

1 .95E+1R 

l.ME+05 

6.47E-05 

2.83017 

6.47005 

9 b 

9=2 

M=FFC3> 

1 .95E+ 12 

1 .14E+05 

1 .33F-0S 

5.  R 1013 

1.33005 

96 

V=2 

M=DF(0) 

3.25E+1 1 

1 .91E+04 

1.05E-04 

4.61E-I2 

1 .05004 

97 

V=2 

M=DF< 1 ) 

3.25F+1 1 

1 .91E+04 

9.75E-0R 

4.27015 

9.75008 

99 

V=2 

M=DF(2) 

3.2SE+1 1 

1 .91004 

n 

0 

0 

99 

9=2 

M=DF (35 

3.25E+1 1 

1 .91E+04 

0 

0 : 

v 

100 

9=2 

M=HCLCO) 

1 . 62E+ 1 1 

9.53E+03 

3.41E-05 

1.4901V 

3.41005 

101 

9=2 

M=HCL( 1 ) 

1.62F-+11 

9.53003 

3.13E-08 

1.37015 

3.13008 

102 

V= 2 

M= HCL ( 2 ) 

1.62E+11 

9.530  03 

0 

0 ••  • 

b:-  ■' , 

103 

9*2 

M=HCLf 3) 

1.62E+1 1 

9.53E*t.)3 

0 

0 • 

0 ' ■'  • 

10/1 

9=2 

M=H 

8.08E+12 

4.74E+05 

4.64E-33 

2.03040 

4.64033 

• 

105 

9=2 

M=H2(0) 

1 .29E+10 

7.56E+02 

3.87E-40 

1.69E-47 

3.87040 

106 

V=2 

M*H2f  1 ) 

1 .29E+10 

7.56E+02 

n 

0 

O 

107 

V=2 

M=H2<2> 

1 .29E+10 

7.56E+02 

0 

0 

0 

108 

V=2 

M=N2 

1 .R4E+07 

1.08 

1.03E-09 

4.51E-17 

1. 030 09 

109 

9=2 

K=F2 

1 .84E+07 

1 .OR 

4.03E-16 

I.76E-23 

4.030 1 6 

1 10 

9=2 

M=HF 

1 .R4E+07 

l.OR 

2.37E-0R 

1.04E-15 

2.37E-08 

1 1 1 

9=2 

M=F 

2.28E+12 

1 .34E+05 

S.03E-05 

2. ROE- 12 

5.03005 

1 12 

V=2 

M=CL 

7.04E+1 1 

4*1 4E+04 

5.02E-05 

2.20F-I2 

5.02E-05 

113 

9=2 

M=CLF 

1.84F+0? 

1 .0RF+02 

1.90F-07 

8.33E-15 

1 .90007 

1 1 4 

9=2 

M=CF4 

1 .R4E+Q9 

1 .08E+02 

n 

0 

0 

lib 

V=2 

M=CL2 

0 

0 

n 

0 

0 

I 


1 


TABLE.  XV.  (Continued) 


11  A Vs 3 

M=HF<OV 

2.92E+12 

3.5RE+05 

4.35E-06 

P.60E-1P 

4.35F-06 

117  Vs 3 

M=HFC 1 y 

2.92E+12 

3.b8E+0b 

1...48E-0b 

R.R7F-12 

1..4«Fi05 

118  V=3 

M=HFC?) 

2.9PE+12 

3.b8E*05, 

1.99E-0S 

1.19F-11 

i .99E-05 

1 19'  V-3 

M*HF(3> 

P.9PE+12 

3*  bRE+05 

4.09E-06 

P . 44F— IP* 

4.09F-06 

120  V=3 

M=DF(0) 

4.P7E+1  1 

5.97E+04 

3.2eE-05 

1 .94E-11 

3.24F-05 

121  V=3 

MsDFCl) 

4.87E+1 1 

5.97E+04 

3.00E-08 

1.79F-14 

3. OOF-OP 

122  V=3 

M=DF (2) 

4.87E+1 1 

S.97E+04 

0 

0 

0 

123  V=3 

1 ■*"  v 

M*  OF  <3? 

4.87E+1 1 

b.97E+04 

0 

0 

0 

1 24  V=3 

M=HCLCO) . 

1 . 62E+ 1 1 

1 .99E+04 

7.00E-06 

4.18F-12 

7.00E-06 

1 25  V= 3 

M=HCL< 1 ) 

1.62E+1 1 

1 .99E+04 

6.43E-09 

3.84F-15 

6.43F-09 

. 12’6  * V=3 

M=HCL(2) 

1.62E+H 

1 . 99E+04 

0 

0 

h 

127  V*3 

, _ ^ ’ - V . 

M=HCL<  3) 

1 . 62 E+ 1 1 

1 • 99E+04 

0 

0 

0 

128:’V*3 

M«H 

1 .06E+13 

1 . 30E+06 

1.25E-33 

7.*8E-40 

1.P5E-33 

129  Vs 3 

M*H2<0) 

1.93E+-10 

2.37E+03 

1.19E-40 

7.1  IE- 47 

1.19E-40 

130  V=3 

M*H2 ( 1 ) 

1.93E+10 

2.37E+03 

0 

0 

n 

131  V*3 

M*H2<2) 

1.93E+10 

2«  37E+03 

.0  . 

0 

n 

132  V=3 

M=N2 

2.76E+07 

3.39 

3.17F-10 

1 .90F-16 

3. | 7Fr 1 6 

133  V=3 

M*F2 

9 4 76E+07 

3.39 

1.24E-I6 

7.-#lF-P3 

1.24E-16 

13-5  V=3 

M=HE 

2.76E+07 

3.39 

7.30F.-09 

4.36E-15 

7.30Er09 

i 3b  V=3 

M=F 

4.91E+12 

6.O2F+05 

2.23E-05 

1.33E-I 1 

P.P3E-0S 

136  V=3 

M=CL 

7.04E+11 

R.64E+04 

1.03E-05 

6. 15E-1P 

1.03F.-0B 

T37  V*3 

M=fcLF 

2.76E+09 

3.39E+02 

5.B6E-08 

3.50E- 14 

5.R6F-0P 

. 138  V=3 

Msr,F4 

2.76E+09 

3*  39E.+02 

0 

0 

0 

139  V=3 

M=CL2 

0 

0 

0 

0 

• 0 

II 
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TABLE  XV.  (Continued) 


IFfCV i 

It-?' 

'•-At  Uhf'A 

+ *•*  = HK(V-I)  + V 

( r rr'r’'^L 

A- TAN'') 

KF 

RF 

f.r 

PF-^B 

140 

T =? 

. V=P 

1 • 1FE+13 

1 .91E-02 

6.  79F-33 

P.  4f>F-4B 

A.79F-33 

141 

i=? 

V*  3 

1 *03E+ 1 3 

7.4OE-02 

1 .2PF-33 

3.1AF-47 

1 .PPF-33 

1 43 

1 = 3 

«■= — 

1 .4PF+13 

P.RPF-C9 

1 .6RF-3? 

3.S4F-b5 

1 .6FF-33 

FA Cl  I CM 

V-5:  OK';) 

+ H = HF(V-I)  + D 

C SCRAMBLING-DEACTIVATION) 

KF 

'<R 

PF 

PR 

PF-RP 

1*6 

i=i 

V=  1 

4.64f+lJ> 

7.33E+G7 

P.41E-3S 

4. 57 E- 41 

P.41F-35 

147 

t = i 

V=? 

4.64E+1P 

1 .13E+10 

0 

p.^nr-30 

-P.40F-3R 

14? 

1=2 

V=2 

4.64E+12 

3.11F+OP 

n 

1 .94F-4* 

-1 .04E-4A 

REACTION  V-C:  HF<V>  ♦ D = OFCV-I)  ♦ V (SCRAMBLING-DEACTIVATION) 


KF 

K”. 

RF 

PR 

PF-Fr 

149 

1=0 

V=0 

4.64F+12 

P.34E+1 1 

P.R9F-36 

4.6PE-33 

-4.  6BF-33 

150 

1=0 

V=  1 

4.64E*I2 

R.O9F+09 

9.B6F-36 

4.20F.-3? 

A.RPF-26 

151 

1 = 1 

v=l 

4.64E+12 

2.30F+C4 

9.R6E-36 

1 .P9E-40 

9.B6F-36 

15? 

1=0 

V=2 

4.64E+1? 

1 .12E+0R 

1.32E-35 

0 

I.32F-35 

153 

1 = 1 

V= 2 

4.64E+12 

4.75F+02 

1.32F-35 

P.47F-A5 

1 .30F-35 

154 

1=2 

V=? 

4.64E+12 

1.35E-03 

1.32E-35 

7.5FF.-4C 

1.3PF-35 

155 

1=0 

V=3 

4.64E+12 

?• I7E+06 

2.72E-36 

0 

P.72F-36 

156 

1 = 1 

V= 3 

4.64E+12 

1.37E+01 

P.72F-36 

0 

P.72F-36 

157 

I=P 

V=3 

4.64E+12 

5.S3E-05 

2.72E-36 

3.03E-5? 

2.7PF-36 

1 SB 

1 = 3 

V«  3 

4.64F+12 

1 .66E-10 

2.72F-36 

9 * 30E-55 

P.72F-36 

159 

1 = 1 

V=4 

4.64E+1? 

5.45F-01 

9.40E-3P 

0 

P.40E-3* 

160 

1=2 

V=  4 

4.64E+12 

3.45F-06 

9.40E-3? 

0 

9.40F-3P 

161 

1 = 3 

V=4 

4.64E+12 

1 .46E-1 1 

9.40E-3B 

7.60E-59 

9.40F-3* 

16? 

1=4 

V=4 

4.64E+12 

4.16E-17 

9.40F-3B 

2.33F-61 

9 . 40F- 3P 

TABLE  X"V.  (Concluded) 


REACT  1 ON  VI-AS  F + CLP  = CLF  + CL 


KF  KF  FF  PR  RF-RF. 

6.40L+13  1.09E+12  4.R6E-05  P.4PF-04  -1.93F-P4 


REACTION  VI-B:  H + CLF  = HFCO)  + CL 


KF  KR  RF  RR  RF-RP 

1.19E+13  6.96E-39  P.13E-32  1 .CPE- 55  P.13E-3P 


RFACTI0N  VI-C:  H + CLF  = HCL(O)  + F 


KF  KR  PF  PR  RF-RP 

1.19E+13  3.97E-17  2.13E-3P  5.54E-33  1.5FF-32 


REACTION  VI-D:  D + CLF  = DF(O)  + CL 


KF  KR  RF  RR  RF-RP 

1.19E+13  1.25E-39  1.06E-3*  R.70F-55  1.06E-34 


IV 1 
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TABLE  XVI. 


SUMMARY  OF  DETAILED  KINETIC  ANALYSIS  FOR  SYSTEM  ClFg-ND^HE-HCl 


AT  0.10  CM  (0.60  microsecond,  the  position  of  maximum  gain  on  P2  lines; 
precombustor:  1500  K and  5 percent  F-atom) 


UCNun  IONS: 


1 i H , K: 

PPFtSITF,  AIM: 
PF'KSSl-i?t>  'i  r.Rfc 


307. 5 
.01 
7 ♦ 6 


M ( 'L b )-hV>r:bNTS: 


W(O): 

0.3380 

DFCO) = 

15.1170 

H= 

O.oooo 

HFC 1 )= 

1 . t 540 

DFC 1 ) = 

0.0140 

D= 

0.0000 

HH  CP)  = 

1 .5490 

DFCP)= 

O.onoo 

CL  = 

3 . ?onn 

HFC  3)  = 

0.3180 

DFC3)= 

0.0000 

F= 

1 .0300 

HFC  40  = 

O.OllO 

DF  C 4)  = 

0.0000 

FP= 

0.0000 

HF C 5)  = 

0.0000 

DFC  5>  = 

0.0000 

CLF= 

4.RP00 

H F C 6 ) = 

0.0000 

H?CO)= 

0.0000 

CL^  = 

0.053? 

HFC  7 ) = 

0.0000 

HP  Cl  > = 

0.0000 

CF  4= 

o.oooo 

HF  CR)  = 

0.0000 

H?CP>= 

0.0000 

NP= 

P . 6 1 00 

HCL  CO ) = 

9. 7850 

D2C0)= 

0.0000 

HE= 

60.0000 

HCL  C 1 > = 

0.0090 

HD= 

0.0000 

HCLCP)= 

0.0000 

HCL  C 3 ) = 

0.0000 

95 
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TABLE  XVI..  (Continued)  ' 


.''M-TTISJ  HFff.O 

PIWING;  GATN=  A.A5F-H/J  t.OS£3  1.30F-Pf  NFT3  6*65»F-n/- 

V-TCTPT):  GAIN3  1.69F-0*  LBS£=  1«37F-1P  NET3  1.A9F-PA 

H:  GAJN*  p«PRF-33  LOGS*  l.GAF-^l  NFT3  P.PGF-33 

CL!  GAjlsjs  3.7*E-CS  LC.°r=  3*0PE-13  NET-  3»7AF-P1' 

HP!  GAJNa  1 . 44F-4P  L3£Sa  W1AF-AP  NFT3  J.AAF-^G 

HCL ! GAIN=  P « 54E-C5  LOSS-  P.05E-13  NET3  P.S^F-P5 

HF!  GAIN'3  b.PbE-Ob  L9SS*  a.P^E-13  NET3  S.PbE-Gb 

OF!  GAIN3  3.93E-05  LOSS*  3.17E-13  NET3  3.°3F-05 

CLF ! GAT  N*  7.09E-0R  L0SS3  5.73K-16  NFT=  7.n9F“Pf7 

V-V(TGl):  GAIN3  9 • IRE-04  L0£S3  9.70F-05  NET3  P.P1F-OA 

HF!  GAIN*  R.72E-0*  L0SS*  9»70F-05  NFT3  7«75F-0* 

DF!  GAIN3  P.R1E-05  L0SSa  7.37E-11  NFT3  S.RIF-P& 

HP!  GAIN3  R.49F-39  L.0SS3  0 NFT3  P.A9F-39 

HCL!  GAIN3  1.R2E-05  LOSS*  A.31F-11  NFT*  1 .PPF-Ab 

5.  CP* ( I OT ) : GAIN3  1.32E-3?  L0SS3  P.P9F-36  NFT3  1.3?F-3° 

H+HF!  GAIN3  ° • 5PF-33  t.CSE*  P.40E-AR  ’'’FT3  P.SPF-33 

H+DF:  GAINa  4.71F-33  L0£5?«  P.F9E-36  NET3  /.7f'F-3? 

MI £*  H+CLF ! GAIN=  P.13F-39  LOSS3”  !.ORE-5b  NFT3  P.  1 3F-P° 

T0TAL  GAIN3  1.75E-P3  L0S£*  9.7GE-05  NET3  1. ASF-03 


TABLE  XVI.  (Continued) 


Sh-’CIFS:  HFCl) 


pi  wpi  wc-: 

f^IN= 

P.9GF-03 

LflSS= 

7.1DP-J5V 

■\’FT  = 

P.98F-P3 

V-T(Tf-T): 

GAIN-s 

3.81 E-PA 

L.OSSs 

1 .69F-0A 

mi?t= 

p.  1PF-0A 

M : 

CM, Vs 

4.64E-33 

Lnrss 

P.PRE-3? 

NET= 

P.37F-33 

CL: 

n a i r-j = 

5.0PF-P5 

LPSSs 

3.7AE-05 

NFTs 

1 . PPF-05 

UOj 

GAINs 

3. 8 7 E- 40 

lr::£= 

1 .44F-40 

NP-ls 

p.  /i3F-/n 

PCI. : 

CAIN's 

3.^1  l'-ns 

| n rj  r — 

P. 5AF-PS 

NFT  = 

3.70F-OG 

HF: 

GAIN= 

1 • A 1 E-0 A 

L0SS= 

5.P5F-D5 

NFT  = 

P.p/rE-PS 

DF : 

GAIN= 

1 .OSK-fM 

L0£S  = 

3.93E-05 

NET= 

6.61F-P5 

CLK: 

GAIN  = 

1 .90E-07 

L0SS  = 

7 .P9E-0F 

NET= 

1 . 1 9 E-  n 7 

V-VCT0T): 

GAINs 

1 .31E-03 

L0SS= 

1 » 49E-03 

NE1  = 

- 1 .ROE-O/i 

HF: 

GAtN= 

1 . 19E-03 

L i?  S 5 = 

i ,/^K-or 

NFT= 

-P.  5PF-P/. 

DF: 

GAIN= 

7.53E-05 

L0SS  = 

P.81 E-D5 

N'l-Ts 

4,  ~fOF-r\ti 

H2: 

GAINs 

1 • 7PE- 3P 

L0SS* 

8.A9E-39 

NFTs 

8. 7 IF- 39 

HCL : 

GAIN'S 

4.R7E-05 

LOSS* 

1 .RPE-05 

N'FT= 

R.05F-0S 

SC*,  (TCT)  : 

GAIN'= 

t .25E-33 

LHSSs 

1 .97E-35 

NFT  = 

1 .P3F-33 

H+F’F: 

gains 

1 .P5E-33 

L0£S= 

3 • 1 PE- 47 

NET= 

1 . ?!'F-33 

H+DF : 

GAIN'S 

A.PPE-3F 

LCSS= 

1 .97E-35 

NET  = 

- 1 .97F-PG 

nis,h+clf: 

GAIN'S 

n 

u- 

P 

NFTs 

P 

TOTAL 

GAIN  = 

A.67E-03 

Less= 

1 » 66E-03 

NFTs 

3. ni  F-m 
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TABLE  XVI..  (Continued) 


p!'  'i’T.vp* 

rcT,v= 

bSF-03 

LOSS® 

o.Si F-  1 0 

\:in  = !-.sp-r>3 

J 

y-T  c i i.  i ) : 

GM.-.= 

1 . 1 bE-A^ 

LA!  S= 

3.81F-04 

,\F.T=  f.F-r'/ 

1 

H: 

r-nliv= 

1 •0SE-?3 

L.^'CSs 

A • 6*'*> 33 

NFT=  -3.39F-33 

Cl.: 

CA  T Vs 

1 .03L-C-S 

LOSS* 

b.ORF-ns 

n:5'T=  -3.9QB-nb 

f| 

WO  ; 

pc  T N=  ' 

1 . 1 9F.-^0 

Lors= 

3.F7E-A0 

NET  = -2.6FF-/'f 

MuL : 

La  T i\'= 

7.00K-AA 

LGSS= 

3.Z1I  f-05 

N<cT=  -o.7]r-n?  \ 

1 

ws* : 

GAp,= 

/ .3AE.-05 

LOSS= 

1 . A!  F-OA 

N!-T=  -Q^SF-n1^ 

I 

i)F: 

PAIN* 

3.?.bf-0S 

LOEEs 

1 .OSE-OA 

f'!FT=  -7.°9F”05  j 

CI..F: 

GAINs 

S.P6E-OR 

LOSE= 

1 .90F-07 

NET=  -..32E-07 

v-vnoi) : 

GAINS 

7.1 bF-OA 

LOSE= 

q.zbF-03 

NFT*  - 1 .73F-03  | 

l 

HF: 

GAIN= 

6.77E-04 

LOSS* 

2.33F-03 

NFT=  -l.AbF-03 

1 

DF: 

GAIN= 

?.32E-0b 

LOSS* 

7.53E-OE 

NFT  = -b.PjF-nb 

HP: 

GAIN= 

S.26E-39 

LOSS* 

1 .7PF-3P 

,VFT=  -1.19F-7G 

M 

HCL: 

GAINs 

1 . SOE-Ob 

LOSS* 

4.R7F-05 

N’FI  = -3.97F-OS 

I 

SCR* (TOT) : 

GAIM= 

6. 14E-3S 

LOSS* 

6.K3E-3? 

NET*  -A.77F-33 

1 

H+HFJ 

GAINs 

6. 14E-3S 

LOSS* 

6.79E-33 

NFT*  -6.73F-33 

1 

H+DF: 

GAINs 

2.48E-4S 

LOSS* 

3.97E-35 

NET*  -3.97F-35 

1 

M I S * H+  CL  F ! GA I N- 

0 

LOSS* 

0 

NF.T=  n 

j | 

TOTAL 

GAIN= 

S.39E-03 

LOSS* 

2.83E-03 

NF.T=  P.S5E-03 

1 1 
! ^ 

TABLE  XVI..  (Continued) 


SPEC  Ik'S:  HFC35 


I] 

PIMPING: 

GAIK'  = 

ft » 65E-04 

L0SS= 

6. 1 SF-05 

NFT=  A.03E-04 

I 

V-TC701): 

GAIN= 

4.S7F.-06 

L0SSs 

1 .15E-04 

NET  = -i.lt F-04 

ll 

Ht 

GAIN= 

1 .06E-34 

L0SS= 

1.25E-33 

K’ETs  -1.15E-33 

i j 

CL: 

GAIN= 

3.S6F-07 

L0SS=  ■ 

1 .03E-05 

NETs  -9.94F-06 

HP: 

GAIN= 

S.49E-42 

L0SS= 

1.19E-40 

NET*  -1.1  4E-  -AG 

li 

HCL : 

GAIN= 

2.42E-07 

L0SS= 

7.00E-06 

NET*  -6.76E-06 

r ! 

HF: 

GAIN= 

2.00E-06 

L0SS= 

4.34E-05 

fvET=  -4.14F-05 

V ; 

OF: 

GAIN* 

1 .50E-06 

L0SSs 

3.P5E-05 

NET=  -3. IGF- 05 

It 

CLF: 

GAIN= 

2.70E-09 

L0SS= 

S.P6E-0P 

NET=  -5.59E-0P 

Ij 

V-VCIOT): 

GAIN= 

1 .25E-03 

L0SS= 

3. 1 3E-04 

NETs  9.37E-04 

ll 

HF: 

GAIN= 

1 .24E-03 

L0SS= 

2.74E-04 

NFT=  9.A6F.-0/1 

: ! 

DF: 

GAIN= 

1 . 07E-06 

L0SS= 

P.3PE-05 

K'ET=  -2. PI  P-05 

L j 

HP: 

GAT  N= 

1 • 98E- ^0 

LOSS* 

b.PAE-39 

NFTs  -5.06F-39 

h 

HCL: 

GAIN= 

6.95E-07 

L3SS= 

1 .SOF-OS 

NFT=  -1.43F-05 

r;  s 
..  I 
: | 
J J 

SCR*  <T0T) : 

GAIN'S 

3. IFF *47 

LOSS= 

P.90F-33 

NFT=  -P.90F-33 

* \ 
p i 

H+HFi 

GAIN= 

3.18E-47 

L0SS= 

P.89F-33 

NET=  -P.E9E-33 

V<  1 
, ) 

H+DF: 

GAIN= 

3.04E-S2 

LOSS* 

1.09F.-35 

NFTs  -1.09E-35 

M ! ) 

^*5 

! i 

* s 

MIS* H+CLF : GAIN= 

0 

LOSS= 

0 

NET*  0 

I 

J s 

TOTAL 

GAINs 

1 .91E-03 

LOSS® 

4.P9F-0.A 

NET*  1.43F-G3 

TABLE  XVI...  (Concluded) 


f:  T '!'• : . : !•!?(/•) 


FL'i-iPTNG: 

l.iA  1 l\!= 

1 .SPE-A  0 

LCf-Fs 

3.03F-3S 

N*  FT  = 

- 3 • n ?■  F.“  ° E 

V-TCTtT) : 

n6T;\i= 

3.53F-! t 

L O' •'.*'= 

-6.P7F-06 

.V(T'f  = 

~/>.P  7F-HA 

H? 

GAIM= 

7.67F.-/C 

^ f*‘.r 

} .nftFr3/* 

N’H- 

- 1 , rv.fr-  3/ 

Cl.: 

GAIN* 

P.snF- 

LO  £3= 

3.hA>F-07 

FFT* 

-G.56E-G7 

H : 

tifl  1 N = 

3.9FE-/7 

LO‘;S= 

5.  /i9Fr  <*? 

f.FTs 

-5.  /.9F-/,fj 

PCI. : 

GAIN* 

1 .7AF-10 

L or-:?= 

f> . F - 0 7 

N'FTs 

-P./OF-07 

Pi'': 

GAT  v« 

1 ./.5F-  1 1 

1 r f.  <" = 

9 . pr,p_n  a 

•VK1  s 

•p.nrr-nr. 

»)K: 

CAT^!  = 

1 .09F-1 1 

L0'"C= 

1 .S^r-06 

v FT = 

- 1 .soF-nr- 

CL.F: 

(•£.  T i-'  = 

1 .96F»l/i 

LC5.FS 

o.VOp-O^ 

>’FT= 

«p.  7PF-r f| 

• - V (TOT > : 

f*AIl\  = 

1 .65R-04 

LCiSs 

NF  T = 

1 . fs7»'-o/i 

I'F: 

^AT\  = 

1 .65E-0A 

LOSS? 

6.67F-06 

NET* 

1 . f>«-'F-'V 

DF: 

GAJ.Vs 

?»  52F-09 

LGCOs 

1 .07F.f06 

N'FT- 

-1  .07E-OA 

uo» 

GAIN’® 

0 

LOGS* 

1 .9GF>/in 

NET* 

- | ,ORf.  -/iP 

HCL : 

GAIN* 

1 .A7E-0? 

LOGS* 

A.PPF-r7 

N FT  = 

-A.‘M  F-H7 

:.cr,  nr:?) : 

PAT  ' “ 

P.  fiGF-AC: 

LClM's 

I.SHE-a* 

NF’J  s 

-l  .!  "*r-3/ 

P+MF : 

GAIN* 

P.66E-/.6 

Lf-ES* 

!*S7E.-3A 

NETs 

-1  . i»7E»  3/> 

F+DF: 

GAT:v= 

7 • 69c>  ’39 

LC  ££s 

3.76F-37 

.VETs 

-3.7AF-37 

M1S>H+CLF 

: GAIN'S 

0 

LOSS* 

0 

l'’FT  = 

0 

7 Cl  A L. 

GAIN'* 

1 * 6bF-0< 

LCf.£« 

1 .33 E-Ob 

NFT= 

1 . KpE-«V 

■ ^ ”--,  =4“t 


TABLE  XVII. 


SUMMARY  OF  DETAILED  KINETIC  ANALYSIS,  CASE  I:  F^Dj-HB-Hj  AT  0.20  CM 

(0.78  microsecond,  the  position  of  maximum  gain  on  P2  lines;* 
precttabustor:  1500  K and  10  percent  F-atoms) 


C /tMiJJ.  i l 


i 1 0£(J  :(  S 

r a IMS 

'5  > > rJ.'j  o U; : ir » r • : 


■ ./L  L r To J 


8FC0>= 
rlKC  1 >== 
HF( 2) = 
HFC  3)  = 
Tr  <45  = 
KF C 5)  = 
MFC  6)  a 
KKC  7>  = 
MFCS) a 
H CL  C 0 ) = 

w;;u  n = 


HCLC  3)  ■ 


‘J . 4600 
0 *8  680 
l .7110 
0.8270 
0*0430 
0.0010 
o.ouoo 
0.0000 
0.0000 
■i.OOOO 
,<  . 0000 
O.OUOO 
(• . 0000 


*See  Fig.  46  and  62. 


319  .9 

.01 

7.6 


DF(G) 
OF  < 1 > 
DF<2> 
DF<  3) 
DF(  4) 
DK(  5) 
H2<0) 
H2C  1) 
H2<2> 
U2CQ> 
HiG= 


9. 43 SO 
0.0190 
U..G020 
0.0010 
0.0000 
O.uOOo 
19.269U 
0.1710 
0 . 0020 
0.0000 
0.0000 


D= 

CL= 

Fa 

K2= 

CLF= 

CL2* 

CF  4= 

iv2= 

HLI= 


3.4400 
0.2350 
0.0000 
4.0200 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
59 . 5000 


jM V # i jj £ WA'ij  !&>,. iw'it  W oV 


TABLE  XVII.  (Continued) 


AECISS:  H !•  < 0 ) 


r Ui'-'PI  NG: 

GAI  N= 

1 .07E-1 1 

L0SS= 

1 .20E-74 

NET= 

1 .07E-11 

C 

1 

/s 

M.1 

V/ 

GAINs 

3.36E-04 

LOSSs 

3.24E-12 

NET= 

3.36E-04 

.-is 

GAINs 

2.23E-04 

LGSS= 

2.15E-12 

NET= 

2.23E-04 

CL: 

UAIM» 

0 

Lflii£i= 

0 

NET= 

0 

42: 

GAI  N= 

1 .50L-06 

LSSS= 

1 .45E-14 

NET= 

1 .50E-06 

-iCL: 

GAI  N= 

0 

L0SS= 

0 

NET= 

0 

rlFJ 

GAINs 

4.89E-0S 

LGSS= 

4.72E-13 

NET= 

4.39E-05 

OF: 

GAI  M= 

1 .97E-05 

L 05  S= 

1 .90E-13 

NET= 

1 .97E-05 

CL  F: 

GAIN= 

0 

L0SS= 

0 

NET= 

0 

V-v<  m>: 

6AIN= 

7»6i £-04 

L0SS= 

1 .59E-04 

NET= 

3.02E-04 

HF: 

GAIN= 

6.54E-04 

LGSS= 

1 .58E-04 

NET= 

4.96E-04 

UF: 

GAIN= 

1 .38E-05 

L0SS= 

1 .40E-10 

NET= 

i .38E-05 

rfL: 

GAINs 

9.26E-0S 

L0SS= 

1 .04E-06 

NET= 

9.16E-05 

hcl: 

GAIN= 

0 

Lasss 

0 

NET= 

0 

CTST  >* 

GAINs 

1 .9  4E-03 

L0SS= 

7.15E-06 

NET= 

1 .94E-03 

H + HF? 

GAINs 

1 .57E-03 

LGSSs 

1 .89E-19 

NET= 

1 .57E-03 

H+DF: 

GAI  Ns 

3.73E-04 

L0SS= 

7.15E-06 

NET= 

3.65E-04 

■/il  o*  H + CLF 

: GAIN= 

0 

L0SSs 

0 

NET= 

0 

TGTAL 

GAINs 

3.04E-03 

LGSS= 

1 .66E-04 

NET= 

2.87E-03 

U 


TABLE  XVII.  (Continued) 


?r£CI£S.  HF(!) 


PUMPING* 

GAIN* 

2.38 E-03 

L0SS= 

1.23E-18 

NET* 

2.38E-03 

IP 

1 

V-T<  T0T) * 

GAIN= 

1 .16E-03 

L0S5= 

3.36E-04 

- NETs 

8.26E-04 

V * 

ll 

H: 

GAINs 

6.67E-0 4 

L0SS= 

2.23E-04 

NET- 

4.45E-04 

1 

CL: 

GAINs 

0 

L0SS= 

0 

NETS 

0 

i& 

H2: 

GAINs 

5.93E-06 

L0SS= 

1 .50E-06 

NETs 

4.43E-06 

HCLt 

GAINs 

0 

LGSSs 

0 

NETs 

0 

M 

HF: 

GAINs 

1 .93E-04 

L3SS= 

4.89  E-05 

NETs 

1 .44E-04 

DF* 

GAIN= 

7.77E-05 

L0SS= 

1.97E-05 

NETs 

5.30E-05 

CLF* 

GAINs 

0 

LSSSs 

0 

NET= 

0 

# 

V-VC T0T) * 

GAIN= 

2.0SE-03 

L0SS= 

1 .19E-03 

NE1  = 

8 • 60E-G4 

5? 

% 

HF* 

GAINs 

1 • 72E-03 

L0S3= 

1 .08E-03 

NET= 

6.40E-04 

% 

r--? 

DF* 

GAINs 

5.45E-05 

L0SS= 

1 .38 E-05 

NET= 

4.07E-05 

i 

H2t 

GAINs 

2.72E-04 

L08S= 

9i89E-d5 

NET= 

1.73E-04 

ffz 

HCLt 

GAINs 

0 

L0SS= 

0 

NET= 

0 

V 

•& 

;? 

SCR#CT0T)t 

GAINs 

4.30E-04 

LOSS* 

2.70E-05 

NETs 

4.03E-04 

a 

1 

H4-HF* 

GAINs 

4.30E-04 

L0S3= 

1 .43  E- 1.8 

NET= 

4.30E-04 

|| 

H+DF* 

GAINs 

4.61E-07 

L0SS= 

2.70E-05 

NET= 

-2.65E-05 

■ 

f 

MI S.H+CLF* GAINs 

0 

L0SS= 

0 

NET  = 

0 

1 

T0TAL 

GAINs 

6.02E-03 

L0SS= 

1 . 55E-03 

NET= 

4.47E-03 

m 

IfB 

TABLE  XVII.  (Continued) 


| SPECIES:  HF<2 

| ' PUMPING: 

S 

> 

GAIN* 

3.06E-03 

LOSS* 

2.07E-10 

NET=  8.06E-03 

1 V-TCT3T): 

GAIN= 

8.S4E-04 

L0SS= 

1 .16E^03 

NET=  -3.08E-04 

it 

I H: 

GAIN* 

4.22E-04 

L0SS= 

6.67E-04 

NET*  -2 • 45E-04 

1 CL: 

GAIN* 

0 

L0SS= 

0 

NET*  0 

1 ' " " H2:  • 

GAIN* 

4.30E-06 

LOSS* 

5.93E-06 

NET*  -1.63E-06 

| HCL: 

GAIN* 

0 

L0SS= 

0 

NET*  o 

| HP: 

GAI N* 

1 .40E-04 

L0SS= 

1 .93E-04 

NET=  -5.30E-05 

1 OF: 

GAIN* 

5.63E-05 

LOSS* 

7.77E-05 

NET*  -2.14E-05 

i CLF: 

GAIN* 

0 

LOSS* 

0 

NET=  0 

1 V-VCT0T): 

GAIN* 

1 •08E-03 

L0SS= 

3.37E-03 

NET*  -2.29E-03 

1 .f^ 

I Hr : 

GAIN* 

S.43E-04 

LOSS* 

3.01E-03 

NET=  -r.2«  1 6E-03 

I OF: 

GAIN* 

3.9  5E-05 

LOSS* 

5.45E-05 

NET*  -1.50E-05 

i * " na:  ‘ 

GAIN* 

I.9  3E-04 

LOSS* 

3.09E-04 

NET*  -1.16E-04 

| HCL: 

GAI  N* 

0 

LOSS* 

0 

NET=  0 

| $CS> ( TOT) : v 

GAIN* 

3.15E-05 

LOSS* 

1.06E-03 

NET*  -1.02E-03 

|i  ’ h+hf: 

GAI  N* 

3.15E-05 

LGS3= 

9.76E-04 

NET*  -9.44E-04 

1 H + DF: 

GAIN* 

8.47E-12 

LOSS* 

7.97E-05 

NET*  -7.97E-OS 

| ;'(IS*H+ClF: 

GAIN* 

0 

LOSS* 

0 

NET*  0 

| TOTAL 

ff! 

GAIN* 

i.ooE-oa 

LOSS* 

5.59E-03 

NET*  4»44E-03 

104 
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TABLE  XVII.  (Continued) 

5 - r.  ••‘.I  £3.  H FC  3 ) 


rt-  Vi  • 

GAI  a= 

4.03E-03 

LOSS* 

5.96E-04 

NET*  3.43E-03 

7-TCT'5T)i 

GAI  \'= 

•3.02E-05 

L0SS= 

3 . 54E-04 

NET*  -7.74E-04 

■■it 

GAIN* 

5.43E-G3 

L0SS= 

4.22E-04 

NETs  -3.68E-04 

•;;L: 

GAIN= 

0 

L05S= 

0 

NETs  0 

hv:: 

2.98E-07 

LOSS* 

4.30E-06 

NETs  -4.00E-06 

MCL: 

GAIN* 

0 

L0SS= 

0 

NET®  0 

HHt 

«AIN= 

9.6SE-Q6 

L0SS= 

1.40E-04 

NET*  -1.3GE-04 

DFr 

GAI  N= 

3.93E-06 

LOSS* 

5.63E-0S 

NET*  -5.24E-0S 

CLHt 

GAIN= 

0 

LOSS* 

0 

NET*  0 

V-V<  i t1): 

GAIN= 

1 .DIE-U3 

LOSS* 

l .30E-03 

NET-  2.10E-04 

* 

5AIN= 

1 .46E-C3 

L0SS= 

1 .03E-03 

NET*  4.30E-04 

GAIN= 

2.75E-06 

LOSS* 

3.9SE-OS 

NET*  -3.67E-05 

ri'.'.i 

GAIN* 

4.3  6E-05 

LOSS* 

2.28E-04 

NET*  -1.79E-04 

-:x: 

GAI  Ns 

G 

LOSSs 

0 

NET*  0 

>(  i ■ D : 

GAI  Ns 

7.47c- 14 

LOSS* 

1.03E-03 

NETs  -1.03E-03 

H+F  F: 

GAI  Ns 

1.43E-18 

L35S* 

9.76E-04 

NET*  -9.76E-04 

W + Dr  J 

GAIN= 

7.47E-14 

LOSS* 

!>•  1 4E-05 

NET=  -5*1 4c- Ob 

■ Vi  .■>»  .-i+CuF: 

GAI  Ns 

0 

LGSS= 

0 

NET*  0 

i JfAL 

GAINs 

S.62E-03 

LOSS= 

3. 78 £-03 

NET*  1.84E-G3 

TABLE  XVII.  (Concluded) 


JiHECl  ESJ  HFC  4) 


r'CHFING: 

GAIMs 

5.07E-I0 

LOSS* 

1.56E-05 

NET*  -1.56E-05 

V-TCTUDS 

GAIN= 

2.70E-10 

LCSS* 

8.02E-05 

NET*  -8.02E-05 

Hi 

GAIN* 

1 .83E-10 

L0SS* 

5.43E-05 

NET*  -5.43E-05 

CL: 

GAIN* 

0 

L0SS* 

0 

NET*  0 

H2: 

GAI N* 

I .00E-12 

L0SS* 

2.98E-Q7 

NET*  -2.98E-07 

HCL: 

GAIN* 

0 

L3SS* 

0 

NET*  0 

HF: 

GAIN* 

3.26E-11 

LOSS* 

9 .68E-06 

NET*  -9. 68  E- 06 

DF: 

GAIN* 

1 .31E-11 

Lass* 

3.90E-Q6 

NET*  -3.90E-06 

CLF: 

GAIN* 

0 

Lass* 

0 

NET*  0 

V-VU'DT): 

GAIN* 

6.53E-04 

L0SS* 

4.61E-05 

NET*  6.07E-04 

HF: 

GAIN* 

6.12E-04 

Lass* 

3.30E-O5 

NET*  5.79E-04 

DF: 

GAIN* 

S.92E-G8 

Lass* 

2.74E-06 

NET*  -2.6SE-06 

HSi 

GAIN* 

4.UE-05 

LOSS* 

1 .04E-05 

NET*  3.07E-05 

HCL: 

GAI  N* 

0 

LOSS* 

0 

NET*  0 

SCK><TDT): 

GAIN* 

1.84E-17 

L0SS* 

8.34E-05 

NET*  -8.34E-05 

H+HF: 

GAIN* 

1.34E-17 

Lass* 

8.07E-05 

NET*  -8.07E-05 

. H+DF: 

GAIN* 

1.31E-20 

LOSS* 

2. 67.  E- 06 

NET*  -2.67E-06 

MIS>H+CLF:  GAIN* 

0 

Lass* 

C 

NET*  0 

T0TAL 

GAIN* 

6 • 53E-04 

LOSS* 

2.25E-04 

NET*  4.28E-04 

o 


TABLE  XVIII. 


f2-d2-he-hci  AT  0.10  CM 


SUMMARY  OF  DETAILED  KINETIC  ANALYSIS,  CASE  II: 

(0,60  microsecond,  the  position  of  maximum  gain  on  PI  lines;* 
precombustor:  1500  K and  10  percent  F-atoms) 


.•1  I I 

I Etfh'EfcAT UK DEG  Kt  424.2 
ATM*  *01 

HKEbiUKE*  TOK/i*  7,6 

••‘i  iLE  pEkCENTS* 


O 


HF(U)a 

0.392Q 

DFCOJs 

9.6750 

H = 

0.0000 

KFC  n = 

8.39  7C 

OFC  1 > a 

0.0170 

D= 

0.0000 

HFC2)* 

2.9  b40 

DFC2>= 

0.0000 

CL- 

7.1200 

H F C3 ) = 

0.3120 

DFC  3) s 

0.0000 

F= 

0 . 57  50 

MFC  4) a 

0.0610 

DFC4>s 

0.0000 

F2s 

0.0000 

MFC  b)  = 

0.0010 

DF<  5)~ 

0.0000 

CLFs 

0.0000 

MFC  6) a 

U.0000 

H2C  0) » 

0.0000 

CL2* 

0.0000 

HFC7>  = 

0.0000 

H2< 1 ) = 

0.0000 

CF4= 

0.0000 

HFCB)= 

0.0000 

H2C  2)  = 

0.0000 

N2- 

0.0000 

HCLC  O) * 

1 5.9800 

02  (.0  ) - 

0.0000 

H£= 

59 . 5000 

HCLC  1 ) = 

0.0230 

HD= 

0.0000  ■ 

ICLC  2)  = 

0.0000 

HCLC  3) - 

0.0000 

*See  Fig.  47  and  63 
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TABLE  XVIII.  (Continutd) 


SPECIES:  HF<0> 


ji;mgs 

GAIN* 

:T9T) : 

GAIN* 

Ht 

GAIN* 

CLt 

GAIN* 

HE* 

GAIN* 

MOL: 

GAIN# 

Hr  t 

GAIN* 

DF  : 

GAIN* 

CLF* 

GAIN* 

f'Ol)  J 

GAIN* 

HFt 

GAIN* 

DF: 

GAIN* 

H2: 

GAIN* 

hcl: 

GAIN* 

(T0T) x 

GAIN* 

M+HF:  GAIN# 

h+df:  gain# 

•MIS>H+CLF*  GAIN* 
T3TAL  GAIN* 


4.95E-04 

L0SS* 

6.66E-21 

NET* 

4.95E-04 

3.8  IE-04 

L0SS* 

2.07E-10 

NET* 

3.81E-04 

3.89E-27 

L0SS* 

2 * 1 1 E-33 

NET* 

3.89E-27 

1 .S2E-04 

L0SS* 

9.90E-I 1 

NET* 

1 .82E-04 

6.60E-34 

L0SS* 

3.58E-40 

NET* 

6.60E-34 

4. 19E-05 

Lass* 

2.28E-U 

r.’ET* 

4.19E-05 

1 .12E-04 

lsss# 

6.07E-U 

NET* 

1 .12E-04 

2*  54E-05 

L0SS* 

I.38E-11 

NET* 

2.54E-05 

I .35E-30 

Less* 

7.34E-37 

NET* 

1 .35E-30 

2.56E-03 

Less* 

4.05E-G4 

NET* 

2.15E-03 

2.50E-03 

L0SS* 

4.05E-04 

NET* 

2.09E-03 

2.22E-05 

Lass* 

4.05E-10 

NET* 

2.22E-05 

2.82E-32 

Lass* 

0"  • 

NET* 

2.82E-32 

3.67E-05 

Lass* 

6.20E-IO 

NET* 

3.67E-05 

1.77E-26 

L0SS* 

1 .70E-30 

NET* 

1 .77E-26 

I. 43 E- 2 6 

Lass* 

t .21E-38 

NET* 

1 * 43E-26 

3.37E-27 

Lass* 

1 .70E-30 

NET* 

3.37E-27 

1 .43E-49 

Lass* 

3.07E-43 

NET* 

-3.07E-43 

3.43E-03 

Lass* 

4.05E-04 

NET* 

3.03E-03 

TABLE  XVIII.  (Continued) 


Sr  :„'J  £ : -!  i*  < l ) 


•3  A I ••= 

2.22E-03 

L0SS= 

5 . 49  E-  1 4 

NET= 

2.22E-03 

- re  tot): 

GAlN= 

6 « 64E-0  A 

L0SS= 

3.8  IE-04 

NETs 

2.33E-04 

f m 

GAI  N= 

7. 1 (IE-2  7 

L0SS= 

3.39E-27 

NETs 

3.29E-27 

oL  ! 

GAl.Ns 

2.25E-04 

L3SS= 

1 .32E-04 

NET= 

4.24E-05 

H2  • 

GAIN= 

1 .63 E- 33 

L3SS= 

6.6QE-34 

NETs 

9.67E-34 

HCLl 

GAIN= 

S.17E-08 

LOSS® 

A*  19E-05 

NET* 

9 .7SE-06 

hF : 

GAIN= 

2.76E-04 

L0SS= 

1.12E-04 

NEr= 

1 .64E-04 

uh : 

GAIN= 

6.26E-05 

LOSS* 

2 ♦ 54E-05 

NET= 

3.72E-05 

OLi*: 

GAIN= 

3.34E-30 

L0SS= 

1 .35E-30 

NET  = 

1 .9SE-30 

->/CT  >i  >: 

GAIN= 

3.47E-03 

L0SS= 

4.31E-03 

NET* 

“8  * 40 £-0  A 

HF: 

GAIN= 

3.32E-03 

L0SS= 

4.23E-03 

NET= 

-9.30E-04 

uF : 

GAIN= 

5.48E-Q3 

LOSS* 

2.22E-05 

NETs 

3.26E-03 

hi?  t 

GAI  !•.’= 

6.26E-32 

LOSS* 

2.82E-32 

NET® 

3*44E-32 

.•CL: 

GAIN* 

9. 062-03 

L3SS= 

3. 67 E- 03 

NET® 

5.39E-05 

or :*  ( 1 0T)  * 

GAIN* 

2.76E-27 

LOSS* 

9.13E-30 

NETs 

2.73E-27 

H+Hr  * 

GAIN= 

2.7  6E-27 

LOSS* 

9.23E-38 

NET® 

2.76E-27 

H+Ur't 

GAINs 

1.69 E-31 

LOSS* 

9.18E-30 

NET= 

-9  .01E-30 

il  S^H+CLFt  GAIN- 

0 

LGSS* 

0 

NET= 

0 

iOIAL 

GAINs 

6.342-03 

LOSS* 

4.69E-03 

NET= 

1 .63E-Q3 

TABLE  XVIII.  (Continued) 


iFECIESS  MFC  2) 


HUM  Hi  NG: 


GAIN*  3»39E“03  L0SS*  3»9  6E-08  NET*  3«39E**03 


V-T<T5»T>i 


GAIN=  2«40E-04  LOSS*  6»64E-0 4 NET*  -4»24£-04 


Mi 

CL: 

H2i 

HCL: 

hf: 

DF: 

CLF: 


GAI  N= 
GAIN* 
GAIN* 
GAI  N= 
GAIN* 
GAIN* 
GAIN* 


2.67E-27 
6.13E-OS 
6.71E-34 
1.42E-05 
1 .14E-04 
2.5SE-05 
1 .38E-30 


L0SS* 

LOSS* 

LOSS* 

LOSS* 

LOSS* 

L0SS* 

LOSS* 


7.18E-27 
2 «25E-04 
1.63E-33 
5.17E-05 
2.76E-04 
6.26E-05 
3.34E-30 


V-V<T0T>:  GAIN* 


2.30E-03  LOSS*  6.22E-03 


HF: 

DF: 

H2: 

HCL: 


GAI  N* 
GAI  Ns 
GAIN= 
GAINS 


2.24E-03 

2.26E-0S 

3.02E-32 

3.73E-05 


LOSS* 

LOSS* 

LOSS* 

LOSS* 


6«07E-03 

5.48E-05 

6.26E-32 

9.06E-05 


.SCR*  C TOT) : GAIN 


= 2.53E-23  LOSS*  I.05E-26 


H+HF: 

h+df: 


GAINS 

GAINs 


2.53E-28 

4.42E-37 


LOSS* 

LOSS* 


1 »0SE“26 
1.69E-29 


MI S#H+ULF: GAIN* 


LOSS* 


T-iTAL 


GAIN*  S.93E-03  LOSS*  6.88E-03 


NET* 

NET* 

NET* 

NET* 

NET* 

NET* 

NET* 


•4«  50E*27 
-1.63E-04 
•9.56E-34 
• 3.7  5E-05 
-1.62E-04 
-3.68E-05 
-1  .96E-30 


f*  -3.92E-03 


-3.83E-03 

-3.22E-05 

-3.24E-32 

-5.33E-OS 


f*  -1  .03E-26 


-1  .02E-26 
-1.69E-29 


f*  -9.54E-04 


m 


§ 


i 


Kl 


m 


ii 


TABLE  XVIII.  (Concluded) 


SPECIES*  HF<3> 


PUMPING* 

GAIN* 

4.9SE-04 

L0SS* 

3.45E-04 

NET* 

V-T<T9T>* 

GAIN* 

2.1SE-05 

L0SS* 

8.40E-04 

NET* 

Ht 

GAIN* 

4.37E-28 

LOSS* 

2.67E-27 

NET* 

CL* 

GAIN* 

4.64E-06 

LOSS* 

6.18E-05 

NET* 

H2* 

GAIN* 

6.72E-35 

LOSS* 

6.71E-34 

NET* 

HCLi 

GAIN* 

1.07E-06 

LOSS* 

1.42E-05 

NET* 

HFt 

GAIN* 

1.14E-0S 

L0SS* 

1.14E-04 

NET* 

DF* 

GAIN* 

2.59E-06 

LOSS* 

2 .58  £-05 

NET* 

CLFt 

GAIN* 

1 .38E-31 

LOSS* 

I .38 £-30 

NET* 

V-V<T9T>t 

GAIN* 

3.  I9E-03 

LOSS* 

1.14E-03 

NET* 

HF* 

GAIN* 

3.19E-03 

LOSS* 

U08E-03 

NET* 

DF* 

GAIN* 

2.28E-06 

LOSS* 

2.26E-05 

NET* 

H2* 

GAIN* 

2.90E-33 

LOSS* 

3.02E-32 

NET* 

HCL* 

GAIN* 

3.76E-06 

LOSS* 

3.74E-05 

NET* 

SCR#  CT0T) * 

GAIN* 

9.25E-38 

L0SS* 

6.19E-27 

NET* 

H+HF* 

GAIN* 

9.2SE-38 

LOSS* 

6.18E-27 

NET* 

H+DFt 

GAIN* 

2.04E-42 

LOSS* 

6.19E-30 

NET* 

MIS#H+CLF* 

GAIN* 

.0 

LOSS* 

0 

NET* 

T0TAL 

GAIN* 

3.71E-03 

LOSS* 

I.73E-03 

NET* 

•2. 19E-04 


-2.24E-27 
-5.72E-05 
-6.04E-34 
-1  .31E-OS 
-I .Q2E-04 
-2.32E-05 
-1.24E-30 


2-05E-03 


-2.03E-05 


TABLE  XIX,  SIAMARY  OF  DETAILED  KINETIC  ANALYSIS,  CASE  Vi 

(0,83  microsecond,  the  position  of  maximum  gain  on  PI  lines4; 


C1F5-ND3-HE-H2  AT  0.1S  CM 


precombustor:  1500  K and  10  percent  F-atoms) 


• 1 ' ) I TI  -HyS* 


TEMPERA rUi\F*#  l)E6  Kt 
PrtESSUriE*  ATM: 
FkSiiSUttE#  THKU* 


M3LE  PEi’CEMTSi 


H r < 0)  ~ 
MFC 1)* 
HF<2>= 

H F ( 3 ) s 
HF(  4)  - 
HF(5>  = 
HFC  6)  = 
HFC7)a 
KF(3)= 
HCL<0>» 
HCLU>  = 
HCL<2)= 
HCLC  3)  = 


0.7310 
1 . 1 220 
2.0920 
0.9990 
0.0590 
0.0010 
0.0000 
0.0000 
0.0000 
0.29  40 

o.oooo 

0.0000 

0.0000 


398 

.01 

7.6 


DFCOJs 
DF< 1 )s 
DF(  2)  = 
DF(3>* 
DF<4>» 
DF(  5)  S 
H2C0)* 
H2< 1 > « 
H2( 2) * 
02(0) * 
HD= 


16.5020 
0.0360 
0.00 SO 
0.0020 
0.0000 
0.0000 
18.9190 
0.2010 
0.0020 
0.0000 
0.0000 


H* 

D= 

CL* 

r = 

F2= 

CLFs 

CL2= 

CF4* 

N2* 

HE= 


3.0400 

0.3720 

0.4820 

3.8000 

0.0000 

5.3600 

0.0088 

0.0000 

2.7700 

43.4000 


TSee“PI'g."T6’  'and  66 


TABLE  XIX.  (Continued) 


CIES:  H F C 0 > 


F*  UMPl  N6: 

GAIN= 

6.38E-03 

loss* 

2.85E-23 

NET= 

6.38E-05 

V-TCT‘JT>: 

GAIN= 

3. 56E-04 

L3SS= 

1 .40E-10 

NET= 

3.56E-04 

4: 

GAINs 

2.20E-04 

L0SS= 

G.64E-11 

NETs 

2.20E-04 

CL: 

GAI  Ns 

5.70E-06 

L3SS= 

2.23E-12 

NET* 

5.70E-06 

H2: 

GAINs 

1 .91E-06 

LGSSs 

7.50E-13 

NETs 

1 .91E-06 

HCL: 

GAIN= 

4.31E-07 

L0SS= 

1.69 £-13 

NETs 

4.31E-07 

4F: 

GAI  Ns 

4.40E-0S 

L0SS= 

1.72E-11 

NET= 

4.40E-0S 

ok: 

GAI  Ns 

2.42E-05 

L0SS= 

9.50E-12 

NET= 

2.42E-05 

CLFr 

GAI  N= 

.1 .13E-07 

L0SS= 

4.44E-I4 

NETs 

1 .13E-07 

V- VC T0T): 

GAINs 

8.74E-04 

L0SS= 

2.62E-04 

NET* 

6.12E-04 

HF: 

, GAIN= 

7.64E-04 

L0SS= 

2. 61  K.-Q4  . 

NET* 

5.03E-04 

OF: 

GAINs 

2.02E-05 

L0SSs 

7 . 12S-10 

NET* 

2.02E-05 

42: 

GAINs 

9.02E-0S 

L0SS= 

1.25E-06 

NET= 

8.89E-05 

HCL; 

GAI  N= 

3.59E-07 

L0SS« 

0 

NET® 

3.59E-07 

sck*<  ran* 

GAINs 

2.1  IE-03 

L0SS= 

I.36E-05 

NETs 

2.10E-03 

H+HF: 

GAI  N= 

1 -46E-03 

L0SSs 

2.13E-16 

NET= 

I . 46E-03 

4+ OF; 

GAINs 

6.53E-04 

L0SS= 

1.36E-05 

NETs 

6.39E-04 

MIS»H+CLF 

: GAIN= 

3.22E-03 

LOSS* 

3.77E-47 

NET= 

3.22E-03 

T3TAL 

GAINs 

6.63E-03 

L0SS= 

2.76E-04 

NETs 

6.35E-03 

orECIEU.  HFCl) 


TABLE  XIX.  (Continued) 


mam 


PUMPING: 

GAI  N= 

2.63E-03 

L0SS= 

1 .03F-I5 

NETs 

2.63E-03 

v-TC  1 .it  ) : 

GAIN= 

1 . 13E-03 

LOSS* 

3.56L-04 

NET= 

7.71E-04 

H: 

GMiu= 

6*17  £-04 

LOSS* 

2.20E-04 

NET* 

3.97E-04 

CL: 

GAIN= 

\ •06E-0b 

L0SS= 

5.70E-06 

NETs 

4.93E-06 

HSi 

GAIN-; 

7. 13E-06 

L0SS= 

1.91E-06 

NETs 

5.22E-06 

HCl: 

HA  l .\>s 

O.03E-07 

LOSS* 

4.31E-07 

NET* 

3.72E-07 

HKt 

GAIN'S 

1 .64E-04 

LOSS* 

4.40E-05 

NET* 

1 .20E-C4 

OF: 

C!AI  N‘= 

9 »03E-0b 

L0bS= 

2.42E-05 

NET* 

6.61E-05 

CLF: 

GAIN* 

4.22E-07 

L0S3= 

1 .13E-07 

NET* 

3.09E-07 

v- vc  run: 

GAINs 

2.39E-03 

LOSS* 

1 .41E-03 

NET* 

9.80E-04 

Hr : 

GAI  Ns 

2.U22-03 

LOSS* 

1 •29E-03 

NET= 

7.30E-04 

OF: 

GAINs 

7.53E-05 

L0SS= 

2.02E-05 

NET= 

5.51E-05 

M2: 

GAINs 

2.92E-04 

L3SS= 

9.64E-05 

NETs 

I.9  6E-04 

HCL: 

GAINs 

1.34E-06 

L0SSs 

3.59E-07 

NET* 

9.81E-07 

SCArCTCJTJ: 

GAIN- 

4.05E-04 

LOSS* 

4.17E-05 

NET= 

3.63E-04 

H+HF: 

GAINS 

4.04E-04 

L0SS= 

9.97E-I6 

NET* 

4*04E-04 

H+DF: 

GAINs 

7.39E-07 

L0SS= 

4.17E-05 

NET= 

-4.09E-05 

MI3#H+CLF:  GAI N= 

0 

L0SS* 

0 

NETs 

0 

TUT  AL 

GAINs 

6.55E-03 

L<3SS* 

1 .8  IE-03 

NET= 

4.74E-03 

TABLE  XIX.  (Continued) 


SPECIES:  Hr C2) 


rir  : 

DFi 

CLF: 


HF: 

DF: 

H2: 


TOTAL 


GAIM= 

8.37E-03 

L3SS= 

4.80E-09 

GAIN® 

3.02E-04 

L0SS= 

I • 1 3E-03 

GAIN® 

3.96E-04 

L3SS= 

6. 17E-04 

6AIN= 

5.07E-06 

L0SS= 

1 .06E-05 

GAI  Ns 

5.UE-06 

L0SS= 

7.13E-06 

GAIN® 

3.83E-07 

L0SS® 

8.03E-07 

GAIN® 

I.I7E-04 

L3SS= 

1 .64E-04 

GAIN® 

6.47E-05 

L0SS= 

9.03E-05 

GAIN® 

3.02E-07 

L0SS= 

4-22E-07 

GAIN® 

1.31E-03 

L0SS= 

3.74E-03 

GAINs 

1 .02E-03 

L0SS= 

3.34E-03 

GAIN® 

S»39E“05 

L0SS= 

7 • 53E-05 

GAIN® 

2.36E-04 

LOSS® 

3.26E-04 

GAIN® 

9 , 53E-07 

L0SS* 

I.34E-06 

GAIN® 

3.03E-05 

L0SS= 

I.02E-03 

G A I M= 

3.03E-05 

LOSS® 

9.G2E-04 

GAIN® 

1 •28E-10 

LOSS® 

I .1 6E-04 

GAIN® 

0 

L0SS= 

0 

GAIN= 

1 .0bE-02 

LGSS= 

5.89E-03 

NET»  8.37E-03 
NET®  -3.2SE-04 


NET® 

NET= 

NET= 

NET= 

NET® 

NET= 

NET® 


-2.21E-04 
-5.55E-06 
-2.02E-06 
-4.I9E-07 
-4.65E-05 
-2.56E-05 
-1 .20E-07 


NET®  -2.43E-03 


NET=  -2.32E-03 
NET=  -2.14E-05 
NET®  -9.00E-05 
NETs  -3.82E-07 


NET=  -9.88E-04 


NETs  -8.72E-04 
NET®  -1.16E-04 


NET®  o 


pi 

hf 


i ,<  - , , '*•  jgj»  ' 
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TABLE  XIX.  (Continued) 


SPECiES:  HrC3> 


PUMPING: 

GAIN= 

4.03E-03 

LQSSs 

4.90E-04 

NET* 

V-TCTST) : 

GAINs 

7.99E-05 

L0SS* 

8 .02E-04 

NETs 

H: 

GAI  Ns 

S.22E-0& 

LQSSs 

3.96E-04 

NET® 

CL: 

GAINs 

3.00E-07 

LQSS* 

5.07E-06 

NET= 

H2: 

GAINs 

4.02E-07 

L0SS= 

5.UE-06 

NETs 

KCL: 

GAINs 

2.26E-06 

LQSSs 

3.83E-07 

NET* 

HF: 

GAI  .Ns 

9.2GE-06 

lgsss 

1 .17E-04 

NET* 

DF: 

GAI  Ns 

5.  I0E-06 

L0SS= 

6.47E-05 

NET* 

CLF: 

GAINs 

2.38 E-08 

LQSSs 

3.02E-07 

NETs 

V-V(T3T>: 

GAINs 

1 .66E-03 

LQSSs 

1.46E-03 

NET= 

HF: 

GAI  Ns 

1 .60E-03 

LQSSs 

1 * 1 4E-03 

NET= 

Of: 

GAINs 

4.27E-06 

LQSSs 

5.40E-0S 

NEis 

H2S 

GAINs 

5.22E-05 

LQSSs 

2.67E-04 

NET= 

HCLS 

GAINs 

7.S5E-08 

LQSSs 

■9.58E-07 

NETs 

bCR,C T0T)S 

GAINs 

I.99E-12 

LQSSs 

9.91E-04 

NET* 

H+HF* 

GAINs 

9.97E-16 

LQSSs 

9.I7E-04 

NETs 

H+DF: 

GAINs 

1.99E-12 

L0SS= 

7.41E-05 

NETs 

MI S*H+CLF: GAINs 

0 

LQSSs 

0 

NETs 

I3TAL 

GAINs 

5.77E-03 

L0SS= 

3.74E-03 

NETs 

3.54E-03 

-7.22E-04 

•3.44E-04 
-4.77E-06 
•4.71E-06 
-3.6IE-07 
*1 .08E-04 
•S.96E-0S 
•2.79E-07 

2.00E-04 


1 -ateum 

5BS 

Wg 

1^8 

iSflgp- 

’5kss 

■*— * riv, . 

„.—■., w-  - 
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TABLE  XIX.  (Concluded) 


SPECIF.3:  HF<4> 


PUKP  t NGS 

GAIN* 

7.86E-09 

L0SS= 

1 .44E-05 

NETs  -1.44E-05 

V-T<T0T>: 

GAIN* 

5.01E-09 

L0SS= 

7.99E-05 

NET*  -7.99E-05 

HS 

GAIN* 

3.28E-09 

L0SS= 

5.22E-05 

NETs  -5.22E-05 

CL: 

GAIN= 

I.88E-11 

L0SS= 

3.00E-07 

NET=  -3.00E-07 

H2: 

GAIN® 

2.52E-1I 

L0SS= 

4.02E-07 

NETs  -4.02E-07 

HCL: 

GAINs 

W42E-12 

LQSS= 

2»26E“08 

NET*  -2.26E-08 

HF: 

GAINs 

5.80E-10 

L0SS= 

7.25E-06 

NETs  -9*25E-06 

DF: 

GAIN= 

3*20E- 10 

L0SSs 

5.10E-06 

NET*  -5* IQE-06 

CLF:, 

GAINs 

1.49E-1C 

L0SS= 

2.38E-C8 

NET*  -2.38E-08 

V-VCT3T): 

GAINs 

6.90E-04 

L0SS= 

6.48E-05 

NET*  6.25E-04 

HF: 

GAINs 

6.52E-04 

L0SS= 

4.37E-05 

NET*  6.08E-04 

UF: 

GAINs 

1 .I4E-07 

L0SSs 

4.25E-06 

NET*  -4.14E-06 

Hg: 

GAINs 

3.77E-05 

L0SS= 

1.67E-05 

NET*  2.10E-05 

HCL: 

GAINs 

1.60E-09 

L0SS= 

7*55E"08 

NET*  -7.39E-08 

SCio(TOT): 

GAINs 

8.19E-15 

L0SS= 

8.20E-05 

NET*  -8.20E-05 

H+HF: 

GAINs 

3.19E-15 

L0SS= 

7.76E-05 

NET*  -7.76E-05 

H+DF: 

GAINs 

7.37E-18 

L0SS* 

4.37E-06 

NET*  -4.37E-06 

Ml S#H+CLFt GAlNs 

0 

L0SS= 

0 ‘ 

NET*  _ o_  ■ 

TOTAL 

GAINs 

6.90E-04 

L0SS= 

2.4IE-04 

NET=  4.49E-04 

If I 


'■  . j!,.^  LljlJHWiJii IJ IIH  iKWirWTTBWiWWOTairMHrOTW^ 


TABLE  XX.  SUMMARY  OF  DETAILED  KINETIC  ANALYSIS,  CASE  VI: 


cif5-nd3-he-hci  AT  0.0S  CM 


(0.36  microsecond,  the  position  of  maximum  gain  on  PI  lines*/ 
Precombustor:  1500  K and  10  percent  F-atoms) 


CONDITIONS: 

TEMPERATURE.  DEG  K:  38  5.2 

pressure.  ATM:  *0! 

PRESSURE.  T3RR.  7»6 


MOLE  percents: 

HFC  O) = 0.6200 

HrCl)=  2.1130 
HFC  2)  = 2.8490 

HFC  3)  = 0.59  60 

HFC  4) ~ 0.0220 

HFC  5>=  0.0000 

HFC  6) = 0.0000 

HFC  7)  = 0.0000 

HFC8>=  0.0000 
HCLC0)=1 6.9300 
HCLC1)=  0.0150 
HCLC2>=  0.0000 
HCLC  3) = 0.0000 


DFC  0)  ® 

1 6.9060 

H= 

0.0000 

DFC  1 ) = 

0.0150 

D= 

0.0000 

DFC2)= 

0.0000 

CL  = 

6.0700 

DFC  3) a 

0.0000 

Fa 

1 .6200 

DFC  4) a 

0.0000 

F2= 

0.0000 

DFC 5) a 

0.0000 

CLF= 

6.0300 

H2C0>= 

0.0000 

CL2= 

0*1400 

H2C 1>= 

0.0000 

CF4= 

0.0000 

H2C  2) a 

0.0000 

N2= 

2.7700 

D2C  0) a 

0.0000 

HE= 

43.4000 

HD= 

0.0000 

*See  Fig.  51  artT" 57. 


119 


TABLE  XX  (Continued) 


Cl  cl-:  r‘  C 0 ) 


■*7  ' , • 

LAI  "J  = 

1 . 61E-U3 

Li-3S= 

7 .79E-23 

NET= 

1 .61E-03 

• - . Ci  ; ) : 

:A  I N= 

3.9 6E— Q 4 

LOSS* 

4.34E-1 1 

N£  i = 

3.96E-04 

• 

GAI  v= 

L0SS= 

3.95E-36 

NET= 

3. fcOE-29 

:L: 

CAI  N= 

1 .34=1-0  4 

Lcyys 

1 .47£-l 1 

NET= 

1 .34E-04 

• ■«  • 

/ • 

Jill  :>1S 

1 * 55 1*  36 

los3= 

I .73E-43 

N£T= 

1 .58E-36 

;uL: 

Cr1.  i .v = 

5.  1 2E-05 

Luyy= 

5.62E-12 

NET= 

5. 12E-05 

■Ir: 

LAI  .'•!  = 

1 • 1 2E-G4 

LGSSs 

1 .23E-1 1 

NET* 

1 .12E-04 

i.t  : 

CAI  •!  = 

5.11 L-G5 

LOSSs 

5. 61 E- 12 

NETs 

5.1 1E-0S 

cu* : 

GAIN= 

2.2b£-07 

LGS5= 

2.46E-1  4 

NEla 

2.25E-07 

«/<  ! H ) : 

»5AIws 

2. 35 £-03 

L3yy= 

2.89E-04 

NET  = 

2.09E-03 

-•  r i 

•3 A I Ms 

2.30E-03 

LObSs 

2 .89  £-04 

NET= 

2.01 £-03 

Jr: 

GAIN= 

4. I b£-Q  b 

Lv*Si>s 

2. 10E-10 

NETs 

4.1 yE-Ob 

-l'.: 

Gains 

7 • 66E-35 

L3by= 

0 

NEls 

/ • 66E-35 

* CL : 

GAIN= 

4.16E-0b 

Lbb.Ss 

1 .93E-10 

NETs 

4. 1 6E-05 

i • » C t ; 1 ) : 

3 A I t'J= 

I .91E-26 

LUSbs 

1 . 10E-32 

NtT= 

1 .9 1 E -25 

• »■  •*  i- : 

CHI  .-j  = 

1 .3:>E-2S 

l u.ys 

6.  IKE- 42 

NETs 

1 •35'£-'i6 

•:  * Jr  i 

GAI  i'.= 

y. bbE-29 

Loyys 

I . 10E-32 

NET= 

y. bbi-2y 

* • * - + GLr 

: GAI  = 

v . 9/ U-23 

L..yys 

1 * 63E-47 

.v£  i = 

E «V  9 E-A..J 

. ! :>U 

GAl  ;'f= 

4.39L-C3 

l >sy= 

2 *:>9  £-04 

C E 1 = 

4.  1 OE-cib 
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TABLE  XX 


(Continued) 


r.FEOIF.SS  MFC  2) 


rU  '•,;-!  .\*G: 

GAIN* 

1.10E-G2 

L0SS= 

9.21E-09 

NET=  1.10E-02 

9- I < TOT) : 

GAIN* 

2.47E-04 

L0SSs 

8.30E-04 

NET=  -5.83E-04 

H: 

GAIN= 

2.0SE-29 

L0SSs 

7.30E-29 

NET=  -5.25E-29 

CL: 

GAIN* 

3.78E-0S 

L0SS= 

I.81E-04 

NET=  -1.43E-04 

H2: 

GAINs 

1 .34E-36 

L0SSs 

4.26E-36 

NET=  -2.92E-36 

HCLS 

GAIN= 

1 .44E-05 

L0SS= 

6.90E-05 

NET=  -5.46E-05 

HF: 

GAINs 

9.51E-05 

L0SS® 

3.03E-04 

NET=  -2.03E-04 

DK : 

GAINs 

4.33E-0S 

L0SS= 

1 .38E-04 

NET=  -9.46E-05 

CLF : 

GAINs 

1 .90E-07 

L0SSs 

6.06E-07 

NET=  -4.16E-07 

V-V<  T0T) : 

GAIN= 

1 .91E-03 

LOSS* 

6.43E-03 

NET=  -4.52E-03 

HF : 

GAIN= 

1 .84E-03 

L0SS= 

6.21E-03 

NETs  -4.37E-03 

DF : 

GAINs 

3.51E-05 

L0SS= 

1 .12E-04 

NET=  -7.69E-05 

H2: 

GAINs • 

6.07E-35 

L0SS= 

1.75E-34 

NET=  -1.14E-34 

HCL: 

GAINs 

3.52E-05 

L0SS= 

1 .12E-04 

NET=  -7.68E-05 

SC!<*  < T0T) : 

GAI  Ns 

9.92E-31 

L0SSs 

1 .07E-28 

NETs  -1.06E-28 

H+HF: 

GAINs 

9.92E-31 

L0SS= 

1 .07E-28 

NETs  -1.06E-28 

H+DF: 

GAINs 

6.93E-40 

L0SS= 

1 .52E-31 

NET=  -1.52E-31 

MI  S>M+CLF: 

GAINs 

0 

L0SS= 

0 

NETs  0 

1 0 fAL 

GAINs 

1 .3IE-02 

L0SSs 

7.26E-03 

NET=  5.89E-03 

. jk  j. 


TASUE  XX  (Continued) 


SPECIES:  HF( 3) 


P'JMPINGt 

GAIN= 

l .61E-03 

L0SS= 

2. 12E-04 

NETs  1 • 40E-03 

V-TCT3T): 

GAIN* 

1 • 08E-0  5 

L0SS= 

2.47E-04 

NETs  -2 . 36E-04 

H: 

GAIN= 

i .71E-30 

L0SS= 

2.05E-29 

NET=  -1.88E-29 

CL: 

GAI  N= 

1 .39E-06 

L0S3= 

3.78E-05 

NET=  -3.64E-05 

H2: 

GAIN* 

6.57E-38 

L0SS= 

1 • 34E-36 

NET=  -1.27E-36 

hcl: 

GAINs 

5.33E-07 

L0SS= 

1 • 44E-0b 

NET=  -1 .39E-0S 

HF: 

GAINs 

4.  68E-06 

L0SS= 

9.51E-05 

NET=  -9.04E-05 

OF: 

GAIN= 

2. 13E-06 

L0SS= 

4.33E-05 

NET=  -4.UE-05 

CLF: 

GAINs 

9 • 36E-09 

L0SS= 

1 .90E-07 

NET=  -1.8  IE-07 

V- V( T3T) : 

GAINs 

3.31E-03 

L0SSs 

8.38E-04 

NET=  2.47E-03 

HF: 

GAINs 

3.30E-03 

L0SS= 

7.68E-04 

NET=  2 • 53E-03 

DF: 

GAINs 

1 .74E-06 

L0SS= 

3.S1E-OS 

NET=  -3.34E-05 

H2: 

GAINs 

2.71E-36 

L0SS= 

6.07E-35 

NETs  -b.30E-35 

HCL: 

GAINs 

1 .74E-06 

L3S5= 

3.52E-05 

NET=  -3.35E-0S 

SCK*  ( TV)I> : 

GAINs 

6.67E-41 

L0SSs 

4.74E-29 

NET=  -4.74E-29 

h+hf: 

GAINs 

6»  67E-41 

L0SS= 

4.73E-29 

NETs  -4.73E-29 

H+DF: 

GAINs 

9.21E-46 

L0SS= 

4.25E-32 

NET=  -4.25E-32 

iM  I 3 * H + CL  F : 

GAINs 

0 

L0SS= 

0 

NET=  0 

TCTAL 

GAI  Ns 

4.92E-03 

L0SS= 

1 • 30E-03 

NET=  3 • 62E-03 
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TABLE  XX.  (Concluded) 


SPECIES:  HFC  4) 


1 

PUMPING: 

GAIN= 

2. 51E-36 

L0SS= 

4.75E-31 

NE’fs  -4.75E-31 

s 

v- 7(101): 

GATN= 

7. 16E-10 

L0SS= 

1 .08E-05 

NETs  -1.08E-05 

& 

1-i : 

GAIN= 

I . 13E-34 

L0SS= 

1 .71E-30 

NETs  -1.71E-30 

f 

CL: 

GAINs 

9 .24E-1 1 

L3SS= 

1 .39E-06 

NET=  -1.39E-06 

HP: 

GAINs 

4.35E-42 

L0SS= 

6.57E-38 

NET=  -6.57E-38 

£ 

hcl: 

GAINs 

3. 53E-11 

L0SS= 

5.33E-07 

NET=  -5.33E-07 

HF: 

GAINs 

3. 10E-10 

L0SS= 

4.68E-06 

NET=  -4.68E-06 

DF: 

GAINs 

1.41E-10 

L0SS* 

2.13E-06 

NET=  -2.13E-06 

X- 

i 

CLF: 

GA1N= 

6.20E-13 

L0SS= 

. 9.36E-09 

NET=  -9.36E-09 

|*r 

V-VCT0T):' 

GAIN= 

4.48E-04 

L0SS* 

2.42E-05 

NET*  4.24E-04 

5' 

v* 

HF: 

GAINs 

4.48E-04 

L0SS= 

2.07E-05 

NET=  4.27E-04 

a. 

DF* 

GAINs 

5.27E-09 

L0SS= 

1 .73E-06 

NETs  -1.72E-06 

H2: 

GAINs 

0 

L0SSs 

2.71E-36 

NET=  -2.71E-36 

1 

& 

HCL: 

GAIN= 

4.86E-09 

L0S$= 

1 .73E-06 

NET=  -1.73E-06 

f 

t - 

SCH>  ( T'JT) : 

GAINs 

4. 18E-40 

L0SS= 

2.54E-30 

NETs  -2.54E-30 

1 

ii" 

H+HF: 

GAIN= 

4.18E-40 

L0SS= 

2.54E-30 

NETs  -2.54E-30 

vi' 

H+DF: 

GAINs 

2.25E-51 

L0SS= 

1 .57E-33 

NET=  - 1 • 57E-33 

Jfe 

MI  H+CLF: 

GAIN= 

0 

L0SS= 

0 

NET=  0 

\ 

T '07  AL 

GAIN= 

4.48E-04 

L0SS= 

3.50E-05 

NET=  4.13E-04 

< 1 
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TABLE  XXI.  REVISED  RATE  CONSTANTS  USED  IN  SERIES  II 
KINETIC  CALCULATIONS* 


Hiv.ni  of  F ♦ H2 


H ♦ HF(k)  - h2  ♦ r 
H ♦ HF(5)  - Hj  + F 
H ♦ HF<6)  - Hj  ♦ F 


F + CjHg  • HF(I ) + CjH? 


k - lO13-23  exp  (-5W/AT) 
k - lO13,32  exp  (-5W/AT) 
k « I013*®1  exp  (-5W/*T) 


F ♦ CjHg 


HF(2)  + CjH7 


F + CjHg  » HF(J)  + CjHj 
■ HF  V-V  Froceffei: 

HF { I ) + HF(! ) - HF(0)  ♦ HF(2) 
All  of  the  following: 


HF(3)  ♦ HF(3) 
HF(k)  + HF(k) 
HF(5)  ♦ HF(5) 
HF(6)  ♦ HF(6) 
HF(7)  + HF (7) 
HF(8)  ♦ HF (8) 
HF ( 1 ) + HF (2) 
HF(2)  + HF(3) 
HF(3)  ♦ HF(k) 
HF(k)  + HF(5) 
HF (5)  ♦ HF(6) 
HF(6)  ♦ HF(7) 


HF(2)  + HF(k) 
HF(3)  ♦ HF (5) 
HF(k)  + HF(6) 
HF(5)  ♦ HF(7) 
HF(t)  + HF(8) 
HF(7)  ♦ HF(9) 
HF(0)  + HF (35 
HF ( I ) ♦ MF(k) 
HF(2)  ♦ HF (5) 
HF(3)  + HF(6) 
HF(4)  ♦ HF(7) 
HF (5)  ♦ HF(8) 


k - ID12'2®  T,/2 
k - 1012-96  T,/2 

HF(7)  + HF (8)  - H 
HF ( I ) + HF(3)  - H 
HF(2)  + MF(lt)  • H 
HF (3)  + HF<5)  - H 
HF(k)  + HF{6)  - H 
HF(5)  + HF (7)  - H 
HF(6)  + HF (8)  - H 
HF(I)  + HF(k)  - H 
HF (2)  ♦ HF(5)  » H 
HF (3)  + HF(6)  - H 
HF {%)  + HF(7)  » H 
HF(5)  ♦ HF(8)  - H 


HF(6)  ♦ HF(9) 
HF(O)  ♦ HF(A) 
HF(I)  ♦ HF(5) 
HF  (2)  + HF(4) 
HF(3)  ♦ HF(7) 
HF(4)  ♦ HF(8) 
HF(S)  t HF(9) 
HF (0)  :•  HF(5) 
HF ( I ) ♦ HF(6) 
HF(2)  ♦ HF(7) 
HF(3)  ♦ HF (8) 
HF(4)  ♦ HF(9) 


HF  - PF  V-V  Froce»»e»: 


HF(VI  - I to  8)  + DF(V2  • 0 to  2)  • HF(»I  * I)  ♦ 0F(V2  ♦ 1) 
k - io"-*8  V 


HF(»)  ♦ H » HF(V  - I)  * H V - T.  A Proce»»e»: 


ky^  • lO111'23  VT‘0,8  ♦ 2.5  VT3'5 
k^.io6-9*  vt,-7-io"-wv 


C3M8  + C3H7 


,07.*7  „* 

, o-o.oi,  „k 


•Other  rete  constants  were  «•  lifted  In  Table  XIII.  Aeectlons  ere 
written  In  exothermic  direction,  Kate  conttentf  ere  In  unite  of 
(mole/ec)'1  fee'' 


TABLE  XXII.  RATE  CONSTANTS  USED  IN  SERIES  III 
KINETIC  CALCULATIONS* 


o 


F ♦ H2  Pune  I no  and  lovorto: 


F + Hj  « HF(I)  ♦ H 

k ■ 

to'7**' 

oxp 

HAOO/IT) 

F + Hj  • HF{2)  ♦ H 

k • 

oxp 

(•1400/IT) 

F ♦ H2  • HF(J)  ♦ H* 

k • 

to'7** 

oxp 

(-I400/IT) 

H ♦ HF(k)  • Hj(0)  ♦ F 

k ■ 

lO12**7 

oxp 

(-Sto/IT) 

H ♦ HF(k)  « H2(l)  ♦ F 

k > 

to'2-*7 

oxp 

(•StO/IT) 

H + HF(5)  • H2(0)  ♦ F 

k • 

,0I2.« 

oxp 

(-5I0/IT) 

H ♦ HF{$)  • Hj ( 1 ) ♦ F 

k • 

oxp 

(-5I0/IT) 

H + HF(6)  • Hj(0)  + F 

k - 

«,2-*° 

oxp 

(-S40/IT) 

H ♦ HF(A)  » H2(1)  ♦ F 

k • 

to12**0 

•xp 

(•540/IT) 

H ♦ HF{4)  • Hj  (2)  ♦ F 

k ■ 

to'7,4* 

oxp 

(•540/IT) 

H + HF(7)  - llj(O)  ♦ F 

k > 

to12,4* 

oxp 

(-540/IT) 

H ♦ HF (7)  - H2<l)  ♦ F 

k - 

•plloji 

oxp 

(-540/IT) 

H ♦ HF(7)  - Hj(2)  0 F 

k 

lO17,4* 

oxp 

(•540/IT) 

F ♦ Hlr  Puoplnoi 

F ♦ HOr  ■ HF(O)  ♦ Or 

k ■ 

,0».» 

OXP 

(-1000/KT) 

F + Hlr  « HF<1)  + Or 

k ■ 

oxp 

(-I000/IT) 

F + HOr  » HF(2)  ♦ *r 

k‘« 

IBU.«S 

oxp 

(•tOOO/RT) 

F + Hlr  - HF (3)  ♦ lr 

k ■ 

to'7*' 

oxp 

(-IOOO/IT) 

F ♦ Hlr  • HF(k)  + lr 

k - 

to'7*** 

oxp 

r- 1000/IT) 

imifHElay 

H + F2  - HF{0)  ♦ F 

k • 

,e12.0k 

oxp 

(-2100/IT) 

H + Fj  - HF(1)  ♦ F 

k • 

]0HM 

oxp 

(-2400/IT) 

H + F2  - HF{2)  * F 

k • 

to'2*5* 

•xp 

(-2I00/IT) 

H + F2  --HF(J)  ♦ F 

k > 

to'2** 

oxp 

(-WOO/IT) 

H ♦ Fj  - HF(k)  ♦ F 

k - 

to'7*20 

•xp 

(-2M0/IT) 

H ♦ Fj  - Hf  (5)  ♦ F 

k » 

to’7** 

oxp 

(-2400/IT) 

H ♦ Fj  » HF(6)  ♦ F 

k > 

oxp 

(-2W0/IT) 

H ♦ Fj  - HF(7)  ♦ F 

k • 

to'2*” 

oxp 

(-24O0/IT) 

H ♦ Fj  - HF(I)  ♦ F 

k • 

10,2**° 

oxp 

(•2400/IT) 

HF(V)  ♦ H - HF(V')  ♦ H V • T,  1 Pracoilot: 

For  V ■ I to  8: 

« • HF,  AV  • -| 

H • Hj.  AV  - -I 
M ■ H,  AV  » -I  to 
H • 0,  A»  • -I  to 
M - F,  AV  • -I  to 
M - H»r,  AV  - -I 


> V (.o'*-W  T*1  ♦ 10*-”  T2,2*) 
- V (!•*•“  T2*21) 


Of  (V)  ♦ H ■ Pf(V-l)  ♦ M V - T.  I PrOCoHOt 


N • HF,  F ooA  OF 
H • H Ofld  0 


k • I0IJ*26  |>«  (-700/HT) 
k • I0«'»  oxp  (-700/IT) 
k • V ll012,,°  oxo  HMO/IT)) 
k » V (IO,7*<7  T*1  ♦ 10*  « T2*2*) 


k - I012*00  oxp  (-400/IT) 
k • I0,2*7°  oxp  (-400/IT) 


TABLE  XXII. (Continued) 


Ha(V)  ♦ H - H(V-I)  + M > • T,  I Procanai; 

H • HF,  DF,  and  F 
H - Mj  and  H 

HF  « HF  V-V  Procamt: 

HF(1)  ♦ HF(1)  - HF{2)  ♦ HF(O) 

HF{2)  ♦ HF(I)  - HF(3)  ♦ HF(0)-\ 

HF (2)  + HF(2)  - HF(3)  + HF{I)  f 


HF(3)  ♦ HF 0 ) ■ f 
HF(3)  ♦ HF (2)  • y 
HF (3)  ♦ HF<3)  - y 

HF  {*»)  + HF  0 ) - F 
HF(k)  * HF<2)  - y 
HF(k)  + HF (3)  - t 
HF(8)  + HF(4)  « y 

HF C5)  ♦ HF(1)  - k 
HF{5)  ♦ HF(2)  - y 
HF(5)  ♦ HF (3)  - y 
HF(S)  ♦ HF(I|)  - H 
HF(5)  ♦ HF(5>  - H 

HF(6)  ♦ HF(1)  » H 
HF(t)  ♦ HF(2)  • H 
HF(6)  ♦ HF(3)  - H 
HF (ft)  + HF(8)  - H 
HF(6)  ♦ HF(5)  - H 
HF(t)  ♦ HF(8)  - H 

HF(7)  ♦ HF  0 ) • H 
HF  (7)  ♦ HF  (2)  ■ H 
HF(7)  ♦ HF (3)  - H 
HF(7).  ♦ HF(li)  - H 
HF(7)  ♦ HF(5)  - H 
HF (7)  ♦ HF{t)  - H 
HF(7)  ♦ HF<7)  - H 

HF(8)  ♦ MF{!)  - H 
Hf(8)  ♦ HF(2)  « H 
HF(8)  ♦ HF  (3)  - H 
HF(8)  ♦ HF  (%)  - H 
HF(8)  ♦ HF (5)  • H 
HF(»)  ♦ Hf(t>  - H 
Hf(»)  ♦ HF(7)  - H 
HF(8)  ♦ HF(8)  • H 

HF  - OF  V-V  Procaaiaa: 

HF(I)  ♦ or(o)  • H 
HF(I)  + OF ( 1 ) - H 
HF{2)  ♦ Df (0)  - H 
HF(2)  ♦ 0F(1)  - H 
HF(3)  ♦ Df (0)  - H 
HF (3)  ♦ Df(l)  • H 
HF(%)  ♦ 0f(0)  - H 
HF(M  ♦ DF(I)  • H 
HF(5)  ♦ DF(0)  • H 
Hr(5)  ♦ OF  (?)  » H 
HF(8)  + OF (0)  ■ H 
Hf(8)  ♦ OF ( ? ) » H 
HF  (7)  ♦ DF  (0)  • H 
HF  (7)  ♦ DF(1 ) - H 
HF(8)  ♦ OF (0)  • H 
HF(8)  ♦ OF ( ?)  • H 


HF  (%)  + HF  (0) 
HF(4)  + HF ( 1 ) 
HFW  + HF(2) 

HF  (5)  ♦ HF(O) 
HF(5)  ♦ HF(1) 
HF(5)  ♦ HF (2) 
HF(5)  + HF(3) 

HF{«)  ♦ HF(O) 
HF{8)  ♦ HF(1) 
HF(6)  ♦ HF (2) 
HF(6)  + HF(3) 
HF(t)  ♦ HFtt) 

HF(7)  ♦ HF(O) 
HF(7)  ♦ HF(I) 
HF (7)  ♦ HF(2) 
HF (7)  ♦ HF(3) 
HF (7)  ♦ HF(k) 
HF(7)  ♦ HF(5) 

HF(8)  ♦ HF (0) 
HF(8)  ♦ HF  (1 ) 
HF(8)  ♦ HF(2) 
HF(8)  ♦ HF (3) 
HF{8)  + HF(k) 
HF(8)  + HF  (5) 
HF(8)  ♦ HF(8) 

HF(J>  ♦ HF(O) 
HF(9)  ♦ HF(1 ) 
Hf  (9)  ♦ HF  (2) 
HF(9)  ♦ HF (3) 
HF  (9)  + HF  (%) 
HF(9)  ♦ HF (5) 
HF(9)  ♦ HF(t) 
HF (9)  ♦ HF(7) 


HF(O)  ♦ DF(1) 
HF(O)  ♦ DF(2) 
HF  ( 1 ) ♦ OF  ( I ) 
HF(I)  ♦ 0F(2) 
HF(2)  ♦ DF(1) 
HF(2)  ♦ OF (2) 
HF(3)  ♦ OF ( I ) 
HF(3)  ♦ 0F(2) 
HF(k)  ♦ DF(I) 
HF(k)  ♦ OF (2) 
HF(5)  ♦ 0F(1 ) 
HF(5)  ♦ DF(« 
HF (6)  ♦ 0F(|) 
HF (8)  ♦ DF (2) 
HF (7)  ♦ OF ( J ) 
HF(7)  ♦ DF(2) 


k - ID’5-60 
k - ID'2'00  T*'7 

k - ID15-*0  T*1 
k-  lo'^  T-' 

k - to'6-85 

k.-  I017*10  T-* 
k-tO,7-2iT-' 


k ■ 10*7*^2  T~^ 


k • 10,7-«  T*' 


k - I0,7-«  T*' 


k - V (I017,00  T*2  ♦ 108,79  T) 


TABLE  XXII.  i (Cone luded) 


HF  - Ha  V-V  froco*»o»i 


HF(O)  + Hj(1)  - HF(1)  • 
HF(0)  + H2 (2)  « HF(I)  • 

HF{I)  ♦ Mj(1)  • MF(2)  ■ 
HF(I)  + Ha(2)  • HF(2)  • 

HF{2)  + HjO)  - HF(3)  ■ 
HF(2)  ♦ H2(2)  - HF(3)  • 

MF (3)  ♦ H20)  • HF(M  • 
HF (3)  ♦ H2(2)  • HF(k)  ■ 

♦ H2(l)  - HF(5) 
HF<*)  ♦ H2(2)  - HF(5) 

MF(5)  ♦ H2(l)  - HF{6) 

HF(5)  ♦ N2(2)  • HF(6) 

HF(t)  ♦ H2(l)  - HF<7) 

HF(t)  ♦ H2(2)  - HF<7) 

HF(7)  ♦ H2(l)  - HF(8) 

HF (7)  ♦ H2(2)  - HF (8) 

HF<I)  ♦ M2(l)  - HF(9) 

MF(8)  ♦ H2<2)  - HF(3) 

;oh  tiichenno  8— ctlont: 


♦ h2(o) 


* 

♦ H2(0)  ) 

♦ M2(l)  ) 

♦ H2(0)  I 

♦ HjO)  f 

♦ h2(0)  | 

+ H20»  ) 

♦ H2(0)  | 

♦ H2(»  I 


H ♦ DFO) 
M + Of  (2) 
H ♦ OF (2) 
0 ♦ HF(0) 
0 + HF  {I ) 
0 ♦ Mf(l) 
0 ♦ NF(2) 
6 + Hf(2) 
0 ♦ HF<2) 
0 ♦ Hf(3) 
0 ♦ Hf(3) 
D + HF(3> 
0 ♦ MF (%) 
0 + HF(k) 

0 ♦ H rh) 
0 ♦ HF(5) 
0 ♦ Hf(5) 
0 ♦ MF(5) 
0 ♦ HF(« 
0 + HF(8) 
0 ♦ Hf(4) 
D ♦ HF(7) 
0 ♦ HF(7) 
0 + HF(7) 
0 + HF(8) 
0 ♦ HF(8) 
0 ♦ HF(8) 
0 ♦ MF(J) 
0 ♦ HF(J) 
0 ♦ Hf  (3) 


0 ♦ HF(0) 
0 ♦ HF(I) 
D ♦ HF(O) 
H ♦ Of  (0) 
H ♦ OF  ( I ) 
H ♦ Of  (0) 
H ♦ 0F(0) 
M ♦ OF(l) 
H ♦ 0F{2) 
H ♦ 0f(0) 
H ♦ OF  (1 ) 
M + DF  (2) 
N ♦ 0F(0) 
H ♦ OF  (1 ) 
H + OF (2) 
H ♦ OF  (0) 
H ♦ OF ( I ) 
H ♦ OF  (2) 
H ♦ OF  (0) 
H ♦ Of(l) 
H ♦ 0F(2) 
H * OF  (0) 
H ♦ OF { I ) 
H ♦ 0F{2) 
H ♦ Of (0) 
H ♦ Of 0) 
H * OF  (2) 
H ♦ Of  (0) 
H ♦ Of(l) 
H ♦ Of  (2) 


; - .O'1*1 


k - io»* 

k - IO,3S8 


k - lO15,00  T*0,7  >«P  (-22W/8T) 


•Meet  I on*  "ere  written  In  exotberule  direction;  rote  contttnt*  ere 
In  unit*  of  (eole/ee)*'  tee’1. 


F-/H-  - 2.0 


ieggaggaasaaiBBi 

inniiiaranannii! 


1*»00  1600  1800  2000 

TEMPERATURE* 

MOTE: 

Solid  lines  ere  fixed  F2/H2  molar  ratios; 
dashed  lines  are  fixed  m/o  He:  Numbers  at 
Intersections  denote  molar  ratios*  HF/F 


Figure  3.  F2(g)  " H2^  ” He(g)  System  (F  Atom  Concentration  and 

Temperature  as  a Function  of  Reactant  Ratios) 
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Solfd  lines  are  fixed  Cl F5/NH3  n»lar  ratios; 
dashed  lines  are  fixed  m/o  He.  Numbers  at 
intersections  denote  molar  ratios:  HF/F, 
C1F/F,  and  Cl/F  (top  to  bottom,  respectively) 


Figure  4.  C1FS(1)  - NH3U)  - He(g)  System  (F  Atom  Concentration  and 

Temperature  as  a Function  of  Reactant  Ratios) 
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NOTE: 

Solid  lines  are  fixed  ClFs/CgKg  solar  ratios; 
dashed  lines  are  fixed  m/o  He.  Numbers  at 
intersections  denote  solar  ratios:  HF/F, 
C1F/F,  and  Cl/F  (top  to  botto*,  respectively) 


Figure  5.  ClFcfl)  - CgH^Cl)  - He  System  (F  Atom  Concentration  and 
Temperature  as  a Function  of  Reactant  Ratios) 
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Solid  lines  ere  fixed  C1F  /CS  solar  ratios; 
das'iod  lines  are  fixed  a/o  He.  Nuabers  at 
intersections  denote  aolar  ratios:  SF./F 

and  SF./F  (top  and  bottoa,  respectively) 


Figure  7.  ClFs(l)  - CS2(1)  - He(g)  System  (F  Atom  Concentration  and  Tempera 
ture  as  a Function  of  Reactant  Ratios) 
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Figure  9.  F2~H2-He  System;  Product  Composition  vs  Temperature 
at  10  Mole  Percent  F Atoms  (30  psia) 
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Figure  10.  CIFs-NHj-He  System;  Product  Composition  vs  Temperature 
at  5 Mole  Percent  F Atom  (30  psiaj 
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Figure  12,  ClFs-CgH^-He  System;  Product  Composition  vs  Temperature 
at  S Mole  Percent  F Atom  (30  psia) 
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Figure  14.  CJFs-C6F6-He  System;  Product  Composition  vs  Temperature 
at  5 Mole  Percent  F Atom  (30  psia) 
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Figure  28.  Coop orison  of  Hoots  of  Foraotion  of  S0XF^.2X)  Co®P°unds  , - ^ I 
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Figure  34.  Case  V:  ClFg-NDj-He-^  (F  ■ 10%,  1500  K,  Series  I) 

Gas  Static  and  Stagnation  Temperature 
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Figure  35.  Case  VI:  ClFg-NDj-He-HCl  (F  « 10%,  1500  K',  Series  I) 

Gas  Static  and  Stagnation  Teaperature 
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Figure  36. 
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Cwe  VII:  CIF5-C6F6-He-H2  (p  «:iO%,  1500  K,  Series  I) 
Gas  Static  and  Stagnation  Teoperature 
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Figure  41.  Case  IV:  F2-C6F6-He-HCl  (F  » 10%,  1500  K,  Series  I) 

Gas  Mach  Number  0 
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Figure  42.  Case  V:  C1F5-ND--He-H2  (F  ■ 10%,  1500  K,  Series  I) 

Gas  Mach  NuraSer  A 
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Figure  45.'  Case  VIII:  ClF^CgF.-He-HCl  (F  - 10%,  1500  K,  Series  I) 
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Figure  52.  Case  VII;  CIF^-C-F^-He-H-  (F  - 10%,  1500  K,  Series  I) 
Species  Plot  * 0 0 1 


180 


RATE,  MOLE  FRACTION  PER  CM 


011*73  00*5 


(*<■>  \ * m?/F53 


Figure  56.  Case  III:  F2-CfiF  -He-H-  (F  » 10%,  1500  K,  Series  I) 

Pumping  Reaction,  F ♦ tit  HF(V)  + H 
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Figure  64. 


Case  III:  F2"CfiF6‘He‘H2  (F 

Computed  Gain,  Zero  Power 
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Figure  70, 


F2-D2-He-H2  System,  Computed  Zero  Power 
Gain  on  HFXl)  HF(0)  Lines 


10%,  1500  K,  Series  II) 
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Figure  ?3,  F2-D2-He-C2Ha  System,  Computed  Zero  Power 
Gain  on  HFUJ  HF(0)  Lines 

(F  * 10%,  1500  K,  Series  II) 
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Figure  .4.  F2-D2-IIe-CjHg  System,  Computed  Zero  Power 
Gain  on  HF(2)  HF(1)  Lines 

(F  * 10%,  1500  K,  Series  II) 
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Figure  75.  F2-D2-He-C3Hg  System, Computed  Zero  Power 
Gain  on  Higher  Lines 
(F  « 10%,  1500  K,  Series  II) 
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Figure  76.  F2“D2“He-H2  System,  Rates  of  Pumping  Reactions 
(F  * 10%,  1500  K,  Series  II) 
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Figure  78. 


F2-D2-He-H2  System,  Gas  Static  and 
Stagnation  Temperatures 

(F  = 10%,  1500  K,  Series  II) 
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F2-D2-He-C3Hg  System,  Gas  Static 
and  Stagnation  Temperatures 

(F  = 10%,  1500  K,  Series  II) 
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Figure  81.  FyD^He-CjHg  System,  Gas  Mach  Number 
rc  - msk  isoo  : . Series  II) 
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Figure  83.  F2"D2‘He"C3H8  System»  Relative  Area  of  Flow 

(F  = 10%,  1500  K,  Series  III 
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Figure  .87.  F2-D2-He-H2  System,  Rates  of  Formation  of 

HF(1)  by  Various  Types  of  Processes 

(F  = 10%,  1500  K,  Series  II) 
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Figure  89.  F2-D2-He-H2  System,  Rates  of  Formation  of 

HF(2)  by  Various  V-V  Processes 
(F  ■ 10%,  1500  K,  Series  II) 
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Figure  91.  F2-D2~He-H2  System,  Rates  of  Formation  of 

HF(1)  by  Various  V-T  Processes 

(F  = 10%,  1500  K,  Series  II) 


fraction/ cm 


■iiigiii 

!■»■■■■■ 


■issBsnniiHiii 

iilBiiiiiiiiii 


ii 


ii 


dntwci,  (* 


Figure  93.  F2*D2-He-C;5Hg  System,  Rates  of  Formation 
of  HF(2)  by  Various  Types  of  Processes 
(F  = 10%,  1500  K,  Series  II) 
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Figure  94.  F2-D2-He-C3Hs  Systems,  Rates  of  Formation 
of  HF Cl)  by  Various  Types  of  Reactions 
(F  = 10%,  1500  K,  Series  II) 
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Figure  95.  F2-D2-He-C3H8  System,  Rates  of  Formation 
of  HF(0)  by  Various  Types  of  Processes 

(F  = 10%,  1S00  K,  Series  II) 
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Figure  96,  F2-D2~He-C3Hg  System,  Rates  of  Formation 
of  HF(2)  by  Various  V-V  Processes 
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Figure  97.  F2-D2-He-C3Hg  System,  Rates  of  Formation 
of  HF(1)  by  Various  V-V  Processes 

(F  =■  1G%,  1500  K,  Series  II) 
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F2-D2-He-C3Hg  System,  Rates  of  Formation  of 
HF (2)  by  Various  V-T  Processes 
(F  = 10%,  1500  K,  Series  II) 
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Figure  101.  F2~ (CN)2-He-H2  System,  Gas  Static  and  Stagnation  Temperatures 

{ r = 10%,  1500  K,  Series  III) 


r’p.sSg 


F2-&3-IC-HSF 


«05581 1301 
1S1374  0003 


■te 

■an 


■BBS 

■■■■■■■■■I 


«■■■■■■■ 

ignium 

liinlgfii 

!■■■■■■■■! 


.30 

DISTANCE,  CM 


Figure  102.  F2-D2-He-HBr  System,  Gas  Static  and  Stagnation  Temperatures 
(F  •-  10%,  1500  K,  Series  III) 


'52£5535* 


TEMPERATURE 


1700 


F£-CCNic!-HE-HSR 


if  i 


*035811301?- 
121874  0003 


■BHHHiaHKSl 


HBmaBfflSB 


aiama 


■nmii 

■■■■■■■■HI 


ignMMHun 

nSSSBSSSSSSS! 


■—MM 

■HHHHHnn 


!■■■■■■■■■■■ 

!■■■■■■■■■■■ 

!■■■■■■■■■■■ 


■■■■■I 

■gun 

Siam 


nnunguB 

!■■■■■■■■■■■ 


—I— HIM 

■■■■■■■■■I 


DISTANCE,  CM 


Figure  103.  Fj- (CN^-He-HBr  System,  Gas  Static  and  Stagnation  Temperatures 
(F  = 10%,  1500  K,  Series  III). 


229 


F2-D2-ME-H2 


*055811301' 
121874  0005 


cC 

Ui 

<a  3.ao! 


IUHU 

■nip 

wail 


lilllllllllllSIllfiSIIIIIIIIII 

HIIIIIIIIIIIIII1IIHS8IIIIIII 

iiiiiiiiiiiniiiiiinifisiim 

IIIIIIIIIIIIIIIIIIIIIIIIIB8SII 
illllllllllllllllllllllllllll 


01  STANCE,  CM 

Figure  104.  F^D^He-Hg  System,  Gas  Mach  Numbers 
(F  » 10%,  1500  K,  Series  III) 
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Figure  106.  Fj^-He-HBr  System,  Gas  Mach  Number 
(F  « 10%,  1500  K,  Series  III) 
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Figure  107.  F2-(CN)2-He-HBr  System,  Gas  Mach  Number 
(F  « 101,  1500  K,  Series  III) 
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Figure  109.  F2» (CN) 2-He-H2-System,  Relative  Area  of  Flow 
(F  » 10%,  1500  K,  Series  III) 
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Figure  110.  F2-D2-He-HBr  System,  Relative  Area  of  Flow 
(F  = 10%,  1500  K,  Series  III) 
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Figure  111.  F2-(CN)2-He-HRr  System,  Relative  Area  of  Flow 
(F  - 10%,  1500  K,  Series  III) 
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Figure  112.  F^-Dj-He-Hj,  System,  Species  Plot 
(F  « 10%,  1500  K,  Series  III)- 
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Figure  113.  Fj-CCN^'He-Hj  System,  Species  Plot 
(F  - 10%,  1500  K,  Series  III) 
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Figure  115.  F2-(CN)2-He-HBr  Syttm,  Species  Plot 
(F  - 10t,  1500  K,  Series  III); 
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Figure  117.  F2- (CN) 2-He-H2  System,  Computed  Zero  Power  Gain  on  HF(1) 
(F  - 10%,  1500  K,  Series  III) 


HF (0)  Lines 


v” 


5S5Hff™"555! 


hiiiiiihiiiiiiiiiiiiHH 

■iiiiiiiiiiiiiiiiiiiiiiiiii 

■mimiiiiiiiiiiiiiiinll 

iiiiiiiiiiiiiiiiiiiiiiiiiiiiii 


DISTANCE,  CM 

Figure  118.  F2-D2-He-HBr  System,  Computed  Zero  Power  Gain  on  HF(1)  HF(0)  Lines 

(F  = 10%,  1500  K,  Series  III) 
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Figure  119.  F2-(CN)2-He-HBr  System,  Computed  Zero  Power  Gain  on  HF(1) 
(F  - 10%,  1500  K,  Series  III) 
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Figure  120.  F2-D2-He-H2  System.,  Computed  Zero  Power  Gain  on  HF(2) 
(F  » 10%,  1500  K,  Series  III) 
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Figure  121.  F2-(CN)2-He-H2  System,  Computed  Zero  Power  Gain  on  HF(2) 
(F  ■ 10%,  1500  K,  Series  III) 
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Figure  122.  F2-D2-He-HBr  System,  Computed  Zero  Power  Gain  on  HF(2) 
(F  » 10%,  1500  K,  Series  III) 
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Figure  123.  F2~(CN)2“He-HBr  System,  Computed  Zero  Power  Gain  on  HF(2) 
(F  » 10%,  1500  K,  Series  III) 
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Figure  124.  F2-D2-He-H2  System,  Computed  Zero  Power  Gain  on  Higher  Lines 
(F  ■ 10%,  1500  K,  Series  III) 
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Figure  12S.  F2-(CN)2-He-H2  System,  Computed  Zero  Power  Gain  on  Higher  Lines 
(F  ■ 10%,  1500  K,  Series  III) 
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Figure  127.  ?2" (CN) 2"He-HBr  System,  Computed  Zero  Power  Gain  on  Higher  Lines 
(F  - 101,  1500  K,  Series  III) 


PHASE  II:  SMALL  SCALE  LASER  TESTS 


INTRODUCTION 


The  objective  of  this  phase  of  the  program  was  the  direct  evaluation  of  advanced 
reactants  for  chemical  (HF/DF)  lasers  utilizing  a small-scale  CW  laser  test  apptra- 
tus.  When  the  program  was  initiated,  chemical  laser  performance  codes  were  in 
their  infancy  and  there  was  a dearth  of  good  kinetic  data.  Thus,  analytic  deter- 
mination of  the  performance  potential,  though  useful  in  initial  screening  of  poten- 
tial advanced  reactants,  could  not  be  expected  to  predict  performance  adequately. 
Experimental  data  were  clearly  required.  As  the  program  progressed,  analytic  per- 
formance codes  matured  and  more  and  better  kinetic  rate  data  became  available; 
however,  the  ability  of  codes  to  accurately  predict  chemical  laser  performance, 
a priori,  is  still  questionable.  The  analysis  is  quite  complex,  requiring  chemi- 
cal kinetics  and  fluid  mixing  at  supersonic  velocities  to  be  accurately  combined. 
Codes  attempting  to  account  directly  for  all  of  the  phenomena  occurring  require 
large  amounts  of  time  on  digital  computers  and,  therefore,  are  expensive  to  run. 

Even  given  that  the  code  itself  is  accurate,  large  inaccuracies. and  unknowns  still 
exist  in  the  input  data.  The  evaluation  of  advanced  reactants  experimentally  is 
still  essential. 

In  this  program,  both  alternate  (to  H2)  cavity  fuels  and  (to  F2/D2/He)  precombustor 
fuels  were  evaluated.  The  method  of  cavity  fuel  evaluation  was  relatively  direct. 

In  the  small-scale  HF  chemical  laser,  to  be  described  later,  alternate  cavity  fuels 
were  simply  substituted  for  H2  in  the  cavity  fuel  nozzle  flow  and  lasing  character- 
istics determined.  It  was  recognized  in  the  beginning  that  the  performance  char- 
acteristics would  not  be  directly  comparable  to  H2  because  the  cavity  fuel  nozzle 
was  designed  specifically  to  handle  H2  (low  molecular  weight)  and  all  other  poten- 
tial cavity  fuels  would  have  much  greater  molecular  weight.  Thus,  mixing  character- 
istics would  be  expected  to  be  substantially  different  and  data  comparing  H2  and 
alternate  cavity  fuels  would  have  to  be  interpreted  in  this  light.  However,  the 
intercomparison  between  alternate  cavity  fuels  is  expected  to  be  reasonably  relia- 
ble because  the  difference  in  molecular  weight,  which  is  approximately  scaled  by 


the  square  root,  is  substantially  reduced,  the  largest  variation  being  \jT (HBr  to 
HC1,  e . ) for  the  alternate  cavity  fuel  as  compared  to  (HBr  to  H2).  Later  in 

the  program,  tests  were  run  on  a second  nozzle  system  which  was  designed  to  allevi- 
ate (at  least  in  part)  the  difficulties  associated  with  flowing  high  molecular 
weight  cavity  fuels  through  the  cavity  fuel  nozzle. 

The  evaluation  of  advanced  precombustor  reactants  as  initially  envisioned  was  based 
on  a somewhat  less  direct  approach.  Thermochemical  analysis  as  described  in  the 
previous  section  predicts  the  species  and  concentration  of  the  combustion  byproducts 
that  would  occur  if  alternate  precombustor  reactants  were  utilized.  It  was  beyond 
the  scope  of  the  program  to  develop  precombustors  for  several  advanced  precombustor 
reactant  combinations;  therefore,  a simulation  procedure  was  planned.  In  this  pro- 
cedure, the  combustor  byproducts  (CF^,  N2,  or  SF6,  e.g.)  would  be  introduced  into 
the  baseline  F2/D2/He  combustor  by  mixing  the  appropriate  concentration  of  the  spe- 
cies into  the  He  diluent  prior  to  the  flowing  of  the  diluent  into  the  precombustor. 
Laser  performance  would  then  be  monitored  using  the  baseline  (H2)  cavity  fuel. 

At  that  time,  rates  of  HF*  deactivation  were  not  well  known  so  that  this  approach 
was  designed  to  provide  the  most  efficient  means  of  evaluating  the  effect  on  laser 
performance  (in  relation  to  deactivation  effects)  of  advanced  precombustor  reactants. 
As  the  program  progressed  and  the  role  of  DF  as  a deactivator  became  better  under- 
stood, and  as  deactivation  rates  for  other  species  such  as  CF^,  SF^,  and  N2  become 
available,  it  became  evident  that  the  simulation  method  as  initially  planned  would 
not  be  feasible.  The  high  deactivation  rate  of  DF,  compared  to  CF^,  SF^,  N2,  and 
other  species,  coupled  with  the  relatively  high  concentration  of  DF  produced  in 
the  baseline  F2/D2/He  precombustor,  would  serve  to  completely  mask  any  deactivation 
by  the  "seeded"  species  so  that  effects  on  performance  would  not  be  determinable.. 
Furthermore,  comparison  measurements  between  power  developed  by  arc-driven  (there- 
fore DF-free)  and  combustion  driven  chemical  lasers  in  the  Mesa  program  strongly 
suggested  that  DF  deactivation  was  playing  a large  role  in  performance  degradation. 
Based  on  the  Mesa  tests  and  measured  rate  of  deactivation  it  was  clear  that  the 
"game"  plan  for  evaluation  of  advanced  precombustor  reactants  evaluation  based  on 
simulation  experiments  utilizing  the  baseline  F2/D2/He  precombustor  had  to  be 
changed,  and  it  was. 


2SS 


The  new  plan  was  keyed  to  the  development  of  a DF-free  precorabustor  and  effort 
was  redirected  to  do  just  thi*.  Fluorocarbon  fuels  were  selected  in  combination 
with  t0  develop  a precombustor  that  would  generate  no  DF.  This  effort  was 
successful  and  is  described  in  this  section.  Not  only  did  this  effort  provide 

the  small-scale  laser  experiments  with  a DF-free  precombu >rt  it  also  established 

the  viability  of  a readily  stored,  nontoxic,  nonflammable  precombustor  fuel  directly, 
thus  satisfying  the  objectives  of  the  program  in  part.  This  new  precombustor  could 
then  be  used  in  simulation  experiments  as  originally  conceived  provided  that  deacti- 
vation characteristics  of  other  advanced  reactant  species  such  as  and  SF^  had 
deactivation  rates  comparable  to  or  greater  than  CF^.  Furthermore,  this  precombus- 
tor could  then  be  utilized  to  evaluate  effects  of  DF  via  the  simulation  technique. 


During  the  development  of  the  F2/fluorocarbon/He  precombustor,  an  alternate  method 
of  introducing  the  diluent  into  the  precombustor  was  developed  which  has  much 
greater  versatility.  Ordinarily,  diluent  has  been  introduced  by  mixing  with  the 
F2  or  the  D2,  or  both,  prior  to  injection  into  the  precombustor.  In  this  effort, 
secondary  (staged)  diluent  injection  was  developed.  This  permits  less  reactive 
fuels  to  be  utilized  and  decouples  the  diluent  source  from  the  combustion  region, 
permitting  much  greater  flexibility  in  operation.  Also,  during  the  course  of  the 
development  of  the  DF-free  precombustor,  pure  NFj  became  readily  available  in  the 
modest  quantities  required  for  this  program,  so  it  became  possible  to  consider 
the  direct  use  of  NF3  rather  than  simulating  its  use.  In-house  sponsored  tests 
showed  that  the  precombustor  hardware  that  initially  utilized  F2/D2/He  and,  then, 
when  modified,  F2/CxFy/He,  could  be  used,  as  modified,  with  NFj/D2/He  and  NF^/C^/He, 
thus  paving  the  way  to  direct  evaluation  of  NFj  as  an  oxidizer  with  both  baseline 
(D«)  and  advanced  (C  F ) fuels.  Therefore,  near  the  end  of  the  program,  some  effort 

Z X 7 

was  redirected  to  the  utilization  of  NFj  directly. 


The  final  redirection  of  the  effort  was  prompted  by  the  success  in  utilizing  NF^ 
and  C4Fg  in  the  precombustor  hardware.  In  this  effort,  several  small-scale  laser 
tests  were  conducted  in  the  investigation  of  laser  performance  with  the  test  device 
utilizing  only  advanced  reactants.  For  example,  the  precombustor  would  be  run  with 
NFj  and  C^Fg,  adding  nitrogen  rather  than  He,  and  HBr  would  be  used  as  a cavity 
fuel  in  place  of  H2>  Furthermore,  to  gain  additional  data  on  the  high  molecular 
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weight  cavity  fuel  a new  nozzle  system  was  employed  in  which  the  cavity  fuel  noz- 
zle was  modified  to  permit  greater  flow  with  contours  designed  on  the  basis  of 
the  molecular  weight  - )d  gamma  of  HBr.  These  tests  yielded  many  interesting 
results  and  generated  at  least  as  many  interesting  questions. 


The  structuring  of  this  part  of  the  report,  Phase  II,  .s  somewhat  complex  because 
of  the  rvolutionary  character  of  the  program  as  it  was  executed.  First,  the  exper- 
imental apparatus,  facility,  and  diagnostics  used  for  the  small- scale  laser  tests 
will  be  described.  Following  this,  the  effort  in  evaluating  advanced  cavity  fuels 


utilizing  the  F2/D2/He  baseline  precombustor  will  be  described.  Then,  the  effort 


in  evaluating  advanced  precombustor  fuels  will  be  described.  Included  in  this 
discussion  is  the  development  of  the  DF-free  precombustor  and  the  facility  and 
apparatus  used  in  this  development  effort.  Finally,  the  most  recent  tests,  designed 
to  investigate  laser  performance  using  advanced  reactants  entirely  is  discussed. 

This  is  followed  with  a summary  of  results  and  conclusions  for  the  work  carried 
out  in  this  phase  of  the  program. 


EXPERIMENTAL  APPARATUS 


The  small-scale  CW  HF  chemical  laser  utilized  in  this  program  was  constructed  and 
checked  out  on  Rocketdyne-sponsored  funds  and  operated  in  the  CWLL  (Continuous 
Wave  Laser  Laboratory)  located  at  Rocketdyne's  Santa  Susana  Field  Laboratory. 

This  facility,  the  baseline  test  hardware,  and  diagnostics  utilized  in  this  pro- 
gram are  described  below.  Some  changes  in  the  baseline  configuration  were  made 
in  connection  with  certain  test  series.  These  changes  are  described  in  the  test 
series  discussion. 


facint 


The  CWLL  facility  was  set  up  explicitly  for  the  operation  and  testing  of  small 
CW  chemical  lasers.  It  consists  principally  of  a pumping  station,  a gas  control 
system',  an  operations  and  instrumentation  console,  and  a vibration  isolation  opti- 
cal table  which  encloses  all  but  one  side  of  the  test  station.  Figure  128  shows 
a schematic  of  the  facility. 
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Figure  128.  -CWLL  Schematic 


The  pumping  system  includes  three  rotary,  positive-displacement  pumps  with  inter- 
stage heat  exchangers,  and  a piston-type  backing  pump.  The  exhaust  of  the  pumping 
system  is  passed  through  a scrubber.  There  is  another  heat  exchanger  located  be- 
tween the  test  station  and  the  pumping  system. 


Reactant  and  diluent  gases  are  supplied  from  "K"  bottles  located  outside  the  lab- 
oratory. These  gases  are  fed  to  the  laboratory  at  reduced  pressure  from  exterior 
pressurization  panels.  The  exterior  pressure  panel  for  F2  also  includes  a remote 
readout  flowmeter  and  a remote  control  pressure  regulator.  The  other  gases  are 
pressure  controlled  and  metered  at  the  interior  gas  control  panel.  Feed  lines 
then  run  through  a ramp  from  the  bottom  of  the  gas  control  panel  to  the  bottom  of 
the  test  station.  The  test  station,  the  gas  control  panel,  and  the  ramp  are  fully 
enclosed  and  positively  exhausted  to  the  exterior  of  the  laboratory.  The  gas 
delivery  system  is  shown  schematically  in  Figure  129. 


Gases  are  turned  on  (and  off)  in  selected  sequence  by  electrically  initiated  pneu- 
matic valves  either  automatically  or  manually  at  the  operations  console.  This 
console  also  contains  instrumentation  for  monitoring  the  operating  parameters  of 
the  test  device,  such  as  precombustor  pressure,  cavity  pressure,  and  pertinent 
temperatures,  as  well  as  the  flow. 


The  test  station  is  surrounded  on  three  sides  by  a Lansing  gas  cushion  vibration 
isolation  table  that  supports  the  optical  resonator  for  the  CW  HF  laser  and  optical 
diagnostic  equipment. 


A photograph  of  the  exterior  of  the  facility  is  shown  in  Fig.  130.  A photograph 
of  the  interior,  before  the  test  hardware  has  been  mounted,  is  shown  in  Fig. 131. 


CW  HF  Chemical  Laser 


The  laser  device  used  in  this  program  cons its  of  a precombustor  for  producing  F 
atoms,  a supersonic  nozzle  array  for  injecting  the  precombustor  effluent  into  an 
optical  cavity,  a supersonic  nozzle  array  for  introducing  the  cavity  fuel  (H2  for 
the  baseline  case)  into  the  optical  cavity,  an  optical  resonator,  and  a means  of 
outcoupling  some  of  the  optical  flux  from  the  resonator. 


iliS 


Precombustor. 


Conditions.  A detailed  design  analysis  was  conducted  for  the  subscale  *2^2 
chemical  laser  combustor.  The  nominal  design  specifications  on  which  the  design 
analysis  was  based  are  as  follows: 


Chamber  Pressure,  psia 

31.76 

Flowrate, 

gm/sec 

0.953 

Flowrate, 

gm/sec 

0.070 

He  Flowrate, 

gm/sec 

0.783 

Nozzle  Inlet 

Temperature , K 

1800 

Combustion  Chamber.  The  basic  internal  chamber  geometry  was  defined  as  a 
rectangular  volume  approximately  2.5  inches  long  having  a flow  cross  section  meas- 
uring approximately  0.5  by  1 inch.  A minimum  chamber  length  was  desired  to  reduce 
the  amount  of  heat  transferred  to  the  chamber.  As  a first  approximation,  the 
Dittus-Boelter  expression  for  the  heat-transfer  coefficient  was  used  to  compute 
the  nominal  hot-side  heat  transfer  coefficient.  This  value,  based  on  the  given 
geometry  and  on  the  known  equilibrium  properties  at  nominal  design  conditions, 
was  further  modified  to  reflect  actual  heat  transfer  characteristics  determined 
empirically  for  similar  chamber  configurations  and  operating  characteristics. 

At  the  outset  of  the  analysis,  it  was  assumed  that  high-purity  nickel  would  be 
used  for  the  chamber.  Nickel  200  was  selected  in  preference  to  other  materials 
because  of  its  proved  compatibility  in  a high-temperature  fluorine  environment. 

Its  conductivity  and  reasonable  maximum  working  temperature  were  considered  assets 
in  comparison  with  other  candidate  materials.  Conceptually,  the  chamber  jacket 
was  assumed  to  feature  small  rectangular  channels  in  essentially  a monolithic 
material . 
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Precombustor. 


Conditions . A detailed  design  analysis  was  conducted  for  the  subscale  ^2^2 
chemical  laser  combustor.  The  nominal  design  specifications  on  which  the  design 
analysis  was  based  are  as  follows: 


Chamber  Pressure,  psia 

31.76 

Flowrate, 

gm/sec 

0.953 

D2  Flowrate, 

gm/sec 

0.070 

He  Flowrate, 

gm/sec 

0.783 

Nozzle  Inlet 

Temperature,  K 

1800 

Combustion  Chamber.  The  basic  internal  chamber  geometry  was  defined  as  a 
rectangular  volume  approximately  2.5  inches  long  having  a flow  cross  section  meas- 
uring approximately  0.5  by  1 inch.  A minimum  chamber  length  was  desired  to  reduce 
the  amount  of  heat  transferred  to  the  chamber.  As  a first  approximation,  the 
Dittus-Boelter  expression  for  the  heat-transfer  coefficient  was  used  to  compute 
the  nominal  hot-side  heat  transfer  coefficient.  This  value,  based  on  the  given 
geometry  and  on  the  known  equilibrium  properties  at  nominal  design  conditions, 
was  further  modified  to  reflect  actual  heat  transfer  characteristics  determined 
empirically  for  similar  chamber  configurations  and  operating  characteristics. 

At  the  outset  of  the  analysis,  it  was  assumed  that  high-purity  nickel  would  be 
used  for  the  chamber.  Nickel  200  was  selected  in  preference  to  other  materials 
because  of  its  proved  compatibility  in  a high-temperature  fluorine  environment. 

Its  conductivity  and  reasonable  maximum  working  temperature  were  considered  assets 
in  comparison  with  other  candidate  materials.  Conceptually,  the  chamber  jacket 
was  assumed  to  feature  small  rectangular  channels  in  essentially  a monolithic 
material. 
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Self-Cooled  Concentric  Orifice  Injectors.  A review  of  several  potential 
injector  design  concepts  indicated  that  a concentric  element  type  would  be  best 
suited  for  the  relatively  small  chamber  size.  Other  elements  that  could  possibly 
provide  higher  mixing  efficiency  and  performance  were  generally  considered  unfav- 
orable because  of  the  confined  geometry  of  the  chamber.  Impinging  types  were 
rejected  because  of  potential  misimpingement  and  maldistribution  problems  that 
could  seriously  jeopardize  the  structural  integrity  of  the  combustion  chamber. 


From  a performance  standpoint,  selection  of  a concentric-element  design  was  based 
primarily  on  recent  results  derived  from  the  Space  Shuttle  APS  program.  Extensive 
cold-flow  and  hot-fire  experimental  studies  were  conducted  to  define  the  perform- 
ance characteristics  of  the  concentric-orifice  injector.  Mixing  characteristics 
were  determined  from  cold-flow  studies  using  simulant  inert  gases  for  fuel  and 
oxidizer.  A typical  curve  developed  from  that  study  is  shown  in  Fig.  133,  wherein 
mixing  efficiency  (E^)  is  shown  as  a function  of  sampling  distance.  The  indicated 
mixing  efficiency  of  97  percent  at  2 inches  would  suggest  that,  with  an  additional 
0.5  inch  of  chamber  length,  high-performance  precombustor  operation  would  be  assumed. 
It  should  be  noted  here  that  E^  is  a nonreactive  mixing  index  and  is  not  necessarily 
indicative  of  predicted  combustion  efficiency  with  F2  and  D^. 

100  r 1 - — i 


MIXING  CHARACTERISTICS 
OPTIMIZED  CONCENTRIC 
TUBE  INJECTOR 
02/H2  (APS) 


SAMPLING  DISTANCE,  INCHES 

Figure  133.  Inert  Mixing  Characteristics  of  Concentric  Element  Injector 
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Combustion  Chamber  Fabrication.  The  precombustor  is  a welded  assembly  composed  of 
three  principal  parts,  i.e.,  the  body,  the  forward  manifold  assembly,  and  the  rear 
manifold  assembly.  The  body  is  initially  fabricated  from  a rectangular  block,  and 
the  rectangular  chamber  cavity  is  electrical-discharge  machined  (EDM)  providing 
the  basic  wall  thickness  of  0.040  inch.  The  chamber  wall  design  features  two 
integral  cooling  circuits,  as  shown  in  Fig.  134,  contained  within  a monolithic 
structure  of  nickel  that  is  electroformed  (ELF)  on  the  basic  0.040-inch-thick  wall 
by  an  electrodeposition  process.  The  forward  face  of  the  chamber  has  two  orifices 
that  receive  the  mating  injector  posts  of  the  injector  assembly  (to  be  discussed 
later)  and  form  the  outer  annular  wall  for  this  concentric-element-type  injector. 


The  rear  manifold  assembly  is  made  of  machined  nickel  I’ate  and  contains  the  four- 
bolt-hole  flange  for  attachment  with  the  nozzle  block  assembly.  It  also  provides 
the  inlet  coolant  line  and  manifold  for  the  inner  helium  circuit  as  well  as  the 
chamber  pressure  tap  line.  The  aft  face  incorporates  a metallic  0-ring  for  sealing 
combustion  gases  at  the  interface  with  the  nozzle  block  assembly.  Both  the  forward 
and  aft  manifold  flanges  are  contour  milled  to  minimize  the  heat  sink  mass  and 
limit  transient  heating  losses. 


During  and  after  the  precombustor  assembly  buildup,  leak  and  flow  checks  of  internal 
passages  were  taken  to  ensure  structural  weld  integrity  and  nonblockage  in  the  flow 
passages. 


Injector  Fabrication.  The  injector  assembly  essentially  comprises  a body,  a cover, 
a deuterium  inlet  line,  and  a fluorine  inlet  line.  The  body,  which  is  the  princi- 
pal structure  member,  is  constructed  of  stainless  steel  because  of  its  lower  con- 
ductivity and  good  fluorine  compatibility  at  lower  temperatures.  It  contains  a 
flange  for  attachment  with  the  precombustor  that  has  been  contour  milled  to  reduce 
heat  sink  mass.  The  body  also  contains  the  two  injector  posts  that  are  separate 
nickel  rods  accurately  positioned  to  ensure  concentric  gapping  with  the  combustor 
orifice  holes.  The  injector  posts  are  EB  welded  to  the  body,  and  their  inside 
and  outside  diameters  are  made  by  EDM  after  welding  to  guarantee  straightness 
and  concentricity.  Two  thermocouple  fittings  are  EB  welded  to  the  body  to  monitor 
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Figure  134.  Regenerative/Dump-Cooled  CWLL  Combustor 


combustor  wall  temperature  and  inlet  gas  temperature.  Fluorine  is  fed  through  an 
offset  tube  that  opens  to  a manifold  cavity  between  the  body  and  cover  and  enters 
the  inner  bore  of  each  injector  post.  EB  welding  is  used  to  join  the  cover,  body, 
and  propellant  lines.  Special  manufacturing  procedures  were  maintained  for  removal 
of  burrs  and  crevices  that  are  catalytic  to  fluorine  attack,  and  all  internal  corners 
in  contact  with  fluorine  were  rounded  off.  In  addition,  all  welded  joint  surfaces 
were  specially  prepared  to  ensure  "through  welds"  by  EB  welding  so  that  no  back- 
side crevices  would  be  in  contact  with  fluorine.  These  preparations  are  necessary 
to  deter  fluorine  attack  and  prolong  the  life  of  the  hardware.  The  concentric 
injector  element  (there  are  two  elements  in  the  combustor)  is  shown  schematically 
in  Fig.  135. 

f2  INLET 


.063"!  .083"  . 1065"DIA. 


FUEL  INLET 


Figure  135.  Concentric  Injector  Element 

Precombustor  Assembly.  Photographs  of  the  precombustor  prior  to  assembly  are 
shown  in  Fig.  136  and  as  assembled  in  Fig.  137.  This  assembly  mates  with  the  noz- 
zle array  discussed  below.  All  tests  with  the  precombustor  in  this  program  utilized 
the  water-cooled,  damped  diluent  mode  of  cooling.  , 


Baseline  Combustor  Checkout  Experiments  (H2/F2/He) . Following  fabrication 
and  assembly  of  the  fully  cooled  laser  combustor  components,  a series  of  four 
tests  was  cordjcted  to  make  preliminary  assessment  of  performance,  heat  transfer, 
and  operational  characteristics  for  evaluation  preparatory  to  any  programmed  use. 
Conventional  strain  gage  pressure  transducers  and  thermocouples  were  used  for  pri- 
mary measurement.  Gas  flows  were  metered  through  sonic  venturis  while  coolant 
water  flowrates  were  measured  with  conventional  turbine-type  meters.  Differential 
water  temperature  measurements  were  accomplished  with  four-junction  iron/constantan 
thermopiles. 
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Reduced  experimental  parameters  for  these  tests  are  listed  in  Table  XXIII.  The 
basic  approach  to  the  design  of  these  tests  was  to  primarily  assess  combustor  oper- 
ation at  gradually  increasing  combustion  temperatures  approaching  the  nominal 
design  conditions  of  1800  K nozzle  end  stagnation  temperature.  The  mass  ratio  of 
fluorine  to  hydrogen  was  maintained  at  a nominally  constant  proportion 

for  these  tests,  while  increases  in  combustion  temperature  were  accomplished 
throug'.i  incremental  reduction  oi  helium  diluent  flowrate.  The  observed  perform- 
ance characteristics  for  these  experiments  are  summarized  by  the  calculated  c* 
efficiencies,  which  were  based  on  directly  measured  chamber  pressure  and  propel- 
lant flowrates,  A nominal  uncorrected  c*  efficiency  of  80  percent  was  observed 
for  all  cf  thv  experiments  and  the  corrected  combustion  efficiency  for  heat  loss 
was  93  tc  102  percent, 

Heat  transfer  measurements  tor  the  -our  tests  indicated  effective  temperature 
decrements  op  22,  33,  36,  and  36  percent,  respectively.  These  heat  loss  measure- 
ments indicate  eff->>:tive  heat  balance  for  the  last  three  tests,  conducted  at  some- 
what lower  temperatures,  while  a lower  indicated  heat  loss  is  apparent  for  the 
first  test. 

Analysis  of  the  drta  shows  close  correspondence  to  anticipated  operational  behavior. 
Indicated  hea;  »~sr»es  appear  quite  compatible  with  each  test  condition.  A nominally 
constant  c*  efficiency  would  be  expected  since  it  should  primarily  reflect  the  qual- 
ity of  the  injector  design  Itself  and  not  the  thermal  characteristics. 
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TABLE  XXIII.  H./F_/He  SUMMARY  SHEET 


Test  No. 


Parameters 


, -3 

Wp^  x 10  , Ib/sec 

-3 

wu  x 10  , Ib/sec 

M2 

-3 

wHg  x 10  , Ib/sec 

Mixture  Ratio 
wtot  x 10  3,  lb/sec 
He,  percent 
Pc,  psia 

c*act'  ft/sec 
c*theo’  ft/sec 
V uncorr'  percent 
®V  corr'  percent 

Q.  , cal /sec 
c 

Qn,  cal /sec 
Qj,  >al/sec 

3c 

MW,  gm/mole 


C , Btu/gm-mole 
P 


F2  avail-  9m/sec 


'Corrected  for  full  shifting  composition 


c 

D 

2.24 

2.31 

0.093 

0.099 

1.74 

1.62 

24.1  ! 

23.3 

4.07 

4.03 

42.7 

40.2 

29.7 

30.8 

5031 

5903 

7080 

7430 

79.5 

79.4 

99.8 

101.6 

1336 

1463 

937 

983 

302 

335 

’.239 

1518 

33.* 

34.4 

7.37 

5.48 

1.50 

1.57 

5.41 

5.49 

0.99 

1 .00 

0.22 

0.20 
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Nozzle  Arrays.  There  were  two  nozzle  arrays  utilized  in  this  program,  with  the 
bulk  of  the  effort  completed  with  the  nozzle  designated  as  the  Baseline  30-1X 
configuration.  At  the  very  end  of  the  program,  some  tests  were  run  with  a nozzle 
array  designed  to  obtain  higher  cavity  fuel  flow  for  high  molecular  weight  cavity 
fuels . 

Baseline  30-1X  Configuration.  The  Baseline  30-1X  configuration,  shown  sche- 
matically in  Fig.  138,  was  based  on  a two-dimensional  analog  to  an  existing  Mesa  I 
nozzle  (Ref.  46).  The  array  was  designed  to  be  0.4  by  1 inch  having  the  operating 
parameters  defined  in  Table  XXIV.  (Refer  to  Fig.  lo9  and  the  Nomenclature  for 
definition  of  terms.) 

The  nozzles  were  designed  to  produce  parallel,  uniform  exit  flow  and  were  truncated 
to  approximately  two-thirds  full  length  to  reduce  the  boundary  layer  thickness  at 
the  nozzle  exit.  The  final  contour  was  the  inviscid  core  boundary  moved  out  by 
the  boundary  layer  displacement  thickness.  The  boundary  layer  thickness  is  propor- 
tional to  the  square  root  of  the  throat  gap;  therefore,  iteration  between  the  bound- 
ary layer  program  and  a program  that  sized  the  nozzles  in  accordance  with  the  selec- 
ted design  parameters  was  required  until  the  throat  gap  used  in  the  boundary  layer 
program  was  equal  to  the  throat  gap  from  the  nozzle  sizing  program.  The  modules 
were  designed  to  include  relief  on  the  side  (noncontoured)  walls  for  the  side-wall 
boundary  layer  growth.  Individual  nozzle  contours  for  the  multiple  injector/nozzle 
arrays  were  designed  using  the  method  described  in  Ref.  46.  The  combustor  temper- 
ature, core  area  ratios,  cavity  pressure,  partial  pressure  of  HF,  and  injector 
height  and  width  were  selected  to  obtain  a high-performance  chemical  laser  based 
on  available  test  results  at  the  time  the  selection  was  made. 

The  ?2  (F,  DF,  He,  F2  mixture)  nozzles  (two)  and  the  H2  (cavity  fuel)  nozzles 
(three)  are  both  1-inch  long.  The  F2  nozzle  expansion  contours  were  optimized 
for  expansion  from  a precombustor  chamber  pressure  of  30  psia  to  a laser  cavity 
pressure  of  7.6  torr.  For  the  H2  nozzles,  the  contours  are  designed  to  expand  to 
7,6  torr  from  a plenum  pressure  of  S psia.  The  throat  and  exit  dimensions 
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Parameter 


Design 

Conditions 


Fluorine 

Nozzle 


Hydrogen 

Nozzle 


RL 

♦l 

PHF/PL 

% 

*c 

R 

c 

a 

YNS*  CIT: 
g,  cm 

Y^,  cm 

N 

Po,  psia 

V K 

MW,  gm/mole 

Y 
M 

e 

ag,  cm/sec 

P^,  torr 

wn  , gm/sec 
2 

vip  , gm/sec 
2 


8.0 

30 

0.05 

1.0 

30 

1.442 

1.0 

0.0025 


0.0305 

0.2197 

2 

31.76 
1800 
7-34 
1.573 
A. 61 
67,000 


7.6 


0.061 

0.833 


He 


^ 

9 yill/  5CW 


0.685 


wK  , gm/sec 


0.0112 

0.0315 

3 

4.99 

298 

2.0 

1.406 

2.95 

79,080 

7.6 


0.151 


o£  0.012  and  0.173  inch,  and  0.0044  and  0.0248  inch  for  the  and  H2  nozzles, 
respectively,  gave  respective  geometric  area  ratios  of  14.4  and  5.6.  Accounting 
for  boundary  layers,  the  respective  aerodynamic  area  ratios  are  10  and  4. 

The  nozzles  are  fabricated  from  nickel  and  assembled  with  electroformed  nickel. 
Water-cooling  channels  are  provided  in  the  nozzle  assembly. 

The  axis  of  the  laser  optics  (see  later  discussion)  is  parallel  to  the  long  dimen- 
sion of  the  nozzle,  thus  providing  about  a 2.5-cm  gain  path.  Figure  138  shows 
the  approximate  low  order  mode  to  scale.  This  nozzle  configuration,  three  H2 
nozzles  and  two  "F^"  nozzles,  was  selected  because  there  is  symmetry  in  the  flow- 
field  when  the  laser  axis  is  located  directly  dO'/?i>.  'earn  of  the  center  nozzle. 

A photograph  of  the  assembled  precombustor  and  nozzle  is  shown  in  Fig.  142.  The 
Regimesh  structure  that  surrounds  the  nozzle  array  is  used  to  introduce  a He  "base 
bleed"  to  minimize  recirculation  and  to  reduce  end  effects. 


The  entire  structure  is  mounted  to  a bulkhead  which  is  bolted  to  the  final  bottom 
flange  of  the  "downcomer"  at  the  test  station  (Fig.  131).  This  assembly  puts  the 
nozzle  exit  plane  just  in  view  of  the  windows  of  the  optical  cavity. 


High  Molecular  Weight  Nozzle  Array.  A high  molecular  weight  cavity  fuel  and 
combustor  nozzle  were  selected  from  several  that  were  considered.  The  fuel  nozzle 
was  designed  to  flow  HBr  and  the  combustor  nozzle  the  products  of  combustion  of 
D2,  F2,  and  He.  This  pair  was  designed  to  yield  a small  distance  between  the 
centerlines  of  the  two  nozzles,  as  shown  in  Fig.  140  to  the  same  scale  as  the 
Baseline  30- IX  configuration.  Nozzle  operating  conditions  are  presented  in 
Table  XXV.  Geometric  walls  and  core  geometries  are  described  in  Fig.  141.  The 
cavity  fuel  (HBr)  and  combustor  (F2)  nozzle  geometric  throat  gaps  were  0.0103  and 
0.0062  inch,  respectively,  and  the  core  area  ratios  were  4 and  9.9,  respectively. 
This  relatively  large  throat  of  the  HBr  nozzle  was  required  to  pass  the  necessary 
molar  flowrate  of  this  high  molecular  weig  it  (81)  gas.  The  F2  nozzle  was  one-half 
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TABLE  XXV.  ' OPERATING  CONDITIONS  OF  HBr  - ?2  NOZZLE  PAIR 


HBr 

F2 

Chamber  Pressure,  P , psia 

c 

5 

32 

Chamber  Temperature,  T , (R) 

537 

3240 

Specific  Heat 

Ratio,  y 

1.39 

1.573 

Molecular  Weight,  MW 

80.9 

7.34 

Mass  Flow 

"HBr’  g/sec 

(three  nozzles) 

2.61 

— 

m , g/sec' 
2 

0.030 

nip  , g/sec 

► (two  nozzles) 

— 

0.417 

V1 

"He’  9/sec. 

— 

0.316 

the  size  of  the  Baseline  30- IX  nozzle.  The  HBr  nozzle  is  seen  to  be  approximately 
one-half  the  size  of  the  F2  nozzle.  The  lip  thickness  between  the  nozzles  was  set 
to  be  0.003  inch,  which  is  generally  considered  a practical  minimum.  Centerline 
to  centerline  distance  of  the  nozzle  pair  is  seen  to  be  0.0665  inch. 


Optical  Cavity.  In  this  discussion,  the  phrase  "optical  cavity"  refers  to  the 
evacuated  enclosure  that  houses  the  laser  hardware  just  downstream  of  the  nozzles. 

It  has  an  inside  diameter  of  about  4 inches,  just  sufficient  to  accept  the  nozzle 
array  assembly  shown  in  Fig.  142.  This  enclosure  contains  four  optical  windows 
that  are  used  to  view  the  active  medium.  The  laser  optical  configuration  used  on 
the  device  is  such  that  the  optical  resonator  is  external  to  the  optical  cavity 
so  the  two  windows  that  arc  within  the  optical  resonator  have  a fine  optical  polish. 
The  optical  cavity  permits  viewing  from  just  upstream  of  the  nozzle  exit  plane  to 
up  to  5 inches  downstream  from  the  nozzle  exit  plane. 
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Figure  142.  Assembled  Laser  Hardware 


The  windows  utilized  in  the  optical  cavity  through  which  the  laser  optical  axis 
passes,  varied  as  discussed  below.  For  lasing  tests,  the  two  windows  perpendicu- 
lar to  the  laser  axis  were  plexiglass.  All  of  the  window  mounts  have  been  pro- 
vided with  an  inert  gas  purge  to  sweep  out  any  reaction  products  that  might  other- 
wise stagnate  in  the  "dead"  space  adjacent  to  the  window. 

Optical  Resonators.  The  flowfield  obtained  from  the  nozzle  system  described  above 
is  depicted  in  Fig.  143,  which  is  a photograph  of  the  "orange"  glow  taken  through 
one  of  the  optical  cavity  windows.  In  this  figure,  the  long  direction  of  the  noz- 
zles is  perpendicular  to  the  page.  To  minimize  effects  of  gain  variation  and  to 
maximize  the  gain  path  for  this  small  laser,  the  optical  axes  of  all  of  the  reso- 
nators utilized  in  this  study  were  oriented  parallel  to  the  long  dimension  of  the 
nozzles  (in  the  same  direction  in  which  the  photograph  in  Fig.  143  was  taken). 

This  orientation  is  shown  in  the  isometric  schematic  of  Fig.  144. 


Several  resonator  configurations  were  utilized  before  the  most  practical  arrange- 
ment was  found.  In  all  configurations,  the  mirrors  were  mounted  in  precision  angu- 
lar orientation  devices.  One  mirror  mount  was,  in  turn,  mounted  on  a precision 
x-y  translation  stage.  The  mirror  mounts  were  separated  1 meter  on  an  invar  frame- 
work. All  spherical  mirrors  utilized  had  a radius  of  10  meters. 


The  first  resonator  configuration  was  utilized  as  shown  in  Fig.  145.  In  this  con- 
cept, an  attempt  was  made  to  obtain  a high  Q (low  loss)  configuration  by  utilizing 
AR-coatsd  windows.  The  AR  coating  was  specified,  to  the  supplier,  to  give  trans- 
mission greater  than  99.5  at  2. 7y.  A slight  cant  of  5 degrees  was  provided  to 
eliminate  potential  parasitic  oscillations.  This  configuration  results  in  a much 
smaller  dead  space  than  is  obtained  with  windows  mounted  at  the  Brewster  angle, 
thus  minimizing  the  possibility  of  collecting  much  ground-state  HF  in  this  dead 
space.  Also,  this  configuration  permits  the  use  of  high-reflectance  mirrors 
(closed  cavity)  with  performance  monitored  using  output  from  a window  reflection. 
This  configuration  worked  reasonably  well  for  operation  with  as  the  cavity  fuel. 
Later  experiments  with  other  cavity  fuels  indicated  poor  performance,  so  the  trans- 
mission of  the  windows  was  determined  experimentally.  The  results  are  shown  in 
Fig.  146,  where  it  can  be  seen  that  the  actual  transmission  losses  were  quite 
large,  amounting  to  almost  40-percent  round  trip  loss  on  some  transitions. 


These  large  window  losses  rendered  operation  on  lower  gain  conditions  impossible; 
therefore,  another  set  of  window  fittings  was  designed  and  the  windows  changed  to 
CaF,  at  the  Brewster  angle.  The  fittings  are  shown  in  the  photograph  in  Fig.  148 
The  windows  are  mounted  with  the  standard,  accepted  (though  somewhat  sloppy  in 
appearance)  method  for  holding  vacuum  without  stressing  the  windows.  The  angle 
of  the  fitting  was  designed  for  CaF2  windows.  A wedge  adapter  was  designed  so 
that  Al^O^  windows  also  could  be  used.  The  row  of  holes  readily  visible  in  the 
left-hand  fitting  provide  an  He  sweep  to  purge  the  fittings  so  that  ground-state 
HF  cannot  accumulate  in  the  "dead"  space.  Figure  149  shows  a laser  emission  spec- 
trum taken  with  the  first  configuration,  and  Fig.  150  shows  the  laser  emission 
spectrum  taken  with  the  Brewster  angle  windows.  Comparison  of  the  two  figures 
shows  that  several  additional  transitions  achieve  threshold  in  the  higher  Q 
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Figure  146.  Measured  Transmission  of  AR-Coated,  0-Degree  A^Oj  Window 


Figure  147.  High  Q Cavity/Resonator  Configuration 


Figure  148.  Brewster  Angle  Fittings  With  Windows  Mounted 

Alignment  of  this  system  proved  to  be  difficult  to  achieve  and  maintain.  To  solve 
this  problem,  a resonator  with  outcoupling  was  then  used  with  outcoupling  provided 
by  a small  hole  in  one  of  the  mirrors,  as  shown  in  Fig.  151 , The  hole  permits 
ready  alignment  of  the  resonator  with  an  He-Ne  laser  beam.  This  configuration 
solved  all  the  alignment  problems,  but  the  hole  coupling  introduces  larger  losses 
in  low-order  modes,  requiring  that  the  system  be  aligned  so  that  the  hole  is  some- 
what displaced  from  the  axis  of  the  resonator,  which  is  an  unsatisfactory  situation. 


The  hole  outcoupling  arrangment  did  provide  a useful  arrangement  so,  to  maintain 
all  the  alignment  advantages  of  the  hole  coupler  but  to  eliminate  the  rather  large 
losses,  a third  resonator  configuration  was  set  up.  This  is  shown  in  Fig.  152. 
Performance  is  monitored  with  the  light  transmitted  by  the  2-percent  Al^O^  dielec- 
tric coated  flat.  This  resonator  proved  to  be  an  excellent  configuration  and, 
once  installed  and  checked  out,  was  used  exclusively.  Its  only  general  drawback 
is  that  it  is  only  useful  in  a wavelength  region  in  the  immediate  vicinity  of  2.7y. 
For  operation  at  other  wavelengths,  e.g.,  DF,  another  dielectric-coated  flat  "tuned" 
to  3.8p  would  be  required. 
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Figure  151.  High  Q Cavity  With  Hole  Outcoupler  Configuration 
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With  this  configuration,  low-order  transverse  modes  were  easily  obtained.  Examples 
are  shown  in  Fig.  15. . These  burn  patterns  were  obtained  by  exposing  "slick"  card- 
board to  the  outcoupled  beam  about  30  centimeters  from  the  2-percent  partial  trans- 
mitter. The  mode  pattern  was  most  affected  by  tuning  this  mirror,  and  low-order 
mode  patterns' were  readily  obtained. 
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Figure  153.  Burn  Pattern  Display  of  Mode  Structure 


Diagnostic  Equipment 


For  the  small-scale  laser  studies,  four  diagnostic  experiments  were  utilized: 

(1)  outcoupled  power  in  one  mode  volume,  (2)  power  scans  across  the  flowfield  at 
various  downstream  locations,  (3)  high-resolution  laser  emission  spectra,  and 
(4)  rapid  scan  laser  emission  spectra.  These  are  show;;  collectively  in  Fig.  154 
and  are  discussed  separately  below. 

Beam  Power.  The  experimental  arrangement  for  monitoring  beam  power  is  shown  in 
Fig.  155.  A CaF2  beam  splitter  located  in  the  outcoupled  beam  reflects  bout  6 
percent  of  the  outcoupled  power  into  a disk  calorimeter-type  power  meter  that  can 
be  calibrated  electrically.  To  calibrate  the  beam  splitter,  a power  reading  is 
taken  with  the  power  meter  at  the  calibration  position  indicated  in  Fig.  155  and 
then  another  reading  is  taken  in  its  normal  position.  The  ratio  of  these  readings 
determines  the  reflectivity  of  the  beam  splitter  directly.  The  power  meter  is 
visually  monitored  in  real  time  and  its  output  is  also  recorded  on  a strip  chart 
recorder  for  data  analysis. 
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Figure  154.  HF  Laser  Beam  Diagnostics 
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Power  Scans.  Having  established  the  power  in  the  mode  volume,  a detailed  power 
scan  of  the  medium  is  obtained  by  moving  the  laser  hardware  relative  to  the  optical 
axis  determined  by  the  optical  resonator  and  the  optical  diagnostic  "train."  This 
is  shown  schematically  in  Fig.  156.  There  are  two  drive  motors  on  the  system.  One 
drives  the  laser  hardware  vertically  with  the  vacuum  maintained  with  a piston  moving 
in  an  0-ring  seal.  The  other  drive  motor  moves  the  device  transversely  so  that  the 
optical  axis  moves  through  the  medium  relative  to  the  nozzles  as  shown  in  Fig.  157 
During  moving  of  the  medium,  part  of  the  outcoupled  beam  is  split  with  a CaF^  flat 
and  passed  through  a chopper  and  into  a fast-response,  gold-doped  germanium  (77  K) 
detector.  The  signal  is  recorded  on  an  x-y  recorder  that  is  coupled  to  the  motion 
via  a voltage  developed  by  a linear  potentiometer.  The  result  is  a curve  of  out- 
coupled  power  in  one  mode  volume  versus  position  in  the  medium,  for  example,  as 
shown  in  Fig.  158. 


Laser  Emission  Spectra.  High-resolution  laser  emission  spectra  are  obtained  with 
a spectrometer,  which  is  shown  in  Fig.  159,  comprising  a 1-meter  Czerny-Turner 
grating  (blazed  at  2.5y)  monochrometer,  an  InSb  photo  voltaic  (77  K)  detector,  a 
d-c  amplifier,  and  a strip  chart  recorder.  A 6-percent  CaF2  beam  splitter  provides 
beam  sampling.  This  light  is  split  again  (6  percent)  prior  to  the  entry  slits  of 
the  monochrometer.  The  monochrometer  has  been  modified  to  increase  the  scanning 
speed.  However,  it  still  takes  about  30  seconds  to  scan  the  usual  HF  laser  emis- 
sion spectrum.  To  obtain  a good  spectrum,  this  requires  that  the  medium  be  station- 
ary for  this  period  of  time. 


Rapid-Scan  Laser  Emission  Spectroscopy.  A special  12-meter  rapid-scan  spectrometer 
has  been  set  up  to  provide  essentially  real-time  laser  emission  spectra.  This  is 
shown  in  Fig.  160.  A portion  of  the  outcoupled  beam  illuminates  a rotating  grating 
which  is  blazed  at  2.6y.  The  grating  and  a mirror  make  up  a "roof"  reflector  and 
the  reflected,  dispersed  light  is  detected,  after  traveling  12  meters  (folded  path), 
with  a fast-response  gold-doped  germanium  (77  K)  detector.  The  detector  output  is 
displayed  on  an  oscilloscope.  With  a standard  set  of  conditions,  the  scope  sweep 
is  about  500  microseconds/centimeter  with  a total  sweep  time  of  about  0.5  milli- 
second required  to  scar,  the  HF  laser  emission  spectra.  A hard  copy  is  obtained 
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when  desired,  with  a polaroid  oscilloscope  camera.  Two  typical  photographs  are 
shown  in  Fig.  161.  In  Fig.  161a,  the  scope  triggered  twice  during  the  exposure 
and  it  can  be  seen  that  there  are  fluctuations  in  the  output  intensities  of  the 
laser  emission  line.  Figure  161b  shows  another  photograph  with  two  sweeps.  In 
this  photograph,  it  can  be  seen  that  during  this  run  there  were  large  fluctuations 
on  the  2-1  P(3)  and  1-0  P(6)  lines.  Both  of  these  photographs  were  obtained  from 
lasing  derived  from  the  F + baseline  pumping  reaction. 


Typical  Oscilloscope  Display  of  Rapid-Scan  Spectra 


CAVITY  FUEL  EVALUATION 

To  evaluate  alternate  cavity  fuels,  the  small-scale  hardware  described  above  was 
utilized  with  a direct  replacement  of  the  cavity  fuel  flow  with  the  cavity  fuel 
to  be  evaluated.  The  cavity  fuels  selected  for  evaluation  are  shown  in  Table  XXVI 
In  all  cases,  the  fuels  are  storable  as  liquids  at  ambient  temperature  in  pressur- 
ized vessels.  The  selection  was  based  on  this  and  the  desire  to  evaluate  several 
classes  of  compounds.  Thus,  the  list  includes  hydrogen  halides,  freons,  simple 
hydrocarbons,  and  an  ether.  Included  in  the  list  is  cyclopropane  to  compare 
with  the  linear  compound  normal  propane.  The  energetics  of  all  the  compounds, 

HR,  in  the  reaction: 

F + HR  -*•  HF*  + -R 

is  sufficient  to  obtain  vibrational  excitation  up  to,  and  including,  v = 3,  and 
this  compares  favorably  with  the  baseline  fuel  H2.  For  HBr,  there  is  sufficient 
energy  to  activate  v = 4. 

TABLE  XXVI.  CAVITY  FUELS  EVALUATED 


Cavity  Fuel 

Molecular  Weight 

Vapor  Pressure 

HC1 

36.46 

•650 

HBr 

. 80.02 

350 

hcf2ci 

86.47 

141 

hcf3 

70.02 

655 

n"C4H10 

58.12 

36 

"-SH& 

44.09 

126 

Cyclo-C-jHg 

42.07 

90 

CH30CH3 

.46.07 

80 

As  shown  in  Table  XXVI,  the  weight  of  all  the  alternate  cavity  fuels  is  substan- 
tially greater  than  that  of  H2,  so  it  was  anticipated  that  mixing  of  the  cavity 
fuel  with  the  F atom-containing  stream  would  be  sufficiently  reduced  to  affect 
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performance.  Thus,  results  comparing  the  alternate  cavity  fuels  would  be  more 
accurate  than  the  comparison  with  H2.  As  described  later,  a normalization  of 
data  was  utilized  to  aid  in  comparison  results  with  H2< 

Preliminary  Tests 

Two  series  of  tests  was  run  to  evaluate  cavity  fuels.  In  the  first  series,  several 
of  the  cavity  fuels  were  given  preliminary  evaluation  by  measuring  outcoupled 
power  with  the  optical  resonator  axis  1/4-inch  downstream  of  the  nozzle  exit  plane. 
Downstream  power  scans,  as  shown  in  Fig.  162,  show  that  this  was  where  optimum  re- 
sults could  be  obtained.  In  these  tests,  the  hole  outcoupled  resonator  shown  in 
Fig.  151  was  utilized.  The  results  obtained  from  these  tests  are  shown  in  Table 
XXVII.  For  these  tests,  the  plenum  pressure  for  the  cavities  fuel  nozzle  was 
maintained  at  design,  which  results  in  substantially  lower  molar  flowrates.  For 
example,  the  molar  flowrate  of  propane  is  about  20  percent  that  of  H2>  and  that, 
of  butane  is  85  percent  that  of  propane.  To  partially  account  for  these  effects, 
the  results  in  Table  XXVII  denoted  as  relative  energy  have  been  normalized  to 
molar  flowrate.  In  these  tests,  the  mode  volume  of  the  resonator  was  maintained 
in  low  order.  An  additional  comparison  of  propane  and  butane  with  H2  was  made 
in  which  the  resonator  was  permitted  to  operate  in  higher  order  modes  where  addi- 
tional gain  media  volume  contributed  to  the  outcoupled  power.  These  results  are 
shown  in  Table  XXVIII.  Again,  when  normalized  to  molar  flowrate,  the  performance 
of  propane  and  butane,  which  is  quite  low  in  absolute  power,  is  quite  comparable 
to  H2> 

The  precombustor  operating  conditions  for  the  comparison  runs  were  maintained  con- 
stant so  that  differences  in  precombustor  conditions  would  not  reflect  on  the 
data.  These  conditions  were  as  shown  in  Table  XXIX.  Under  these  operating 
conditions,  the  theoretical  temperature  is  reduced  by  heat  loss  to  give  a nozzle 
entrance  temperature  of  1460  K,  which  yields  an  a (discounting  recombination  in 
the  nozzle)  of  0.99. 

It  was  visually  observed  during  runs  with  both  propane  and  butane  that  the  reac- 
tion region,  as  denoted  by  light  emission,  above  the  center  cavity  fuel  nozzle. 
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TABLE  XXVII.  SUMMARY  OF  PRELIMINARY  TEST  RESULTS  OF  F + HR 


HR 

Relative  Energy  ^ 

Power  Out, 
watts 

H^  (baseline)  - 

1.0 

2.5 

HC& 

0.4 

0.3 

HBr 

4.8 

2.0 

HCF3 

NL* 

HCF2a 

NL 

NL 

»-C3«. 

0.26  (2.2)(2) 

0.15 

c - CA 

0.10f3) 

• - C4H10 

0.20  (1.7)(2) 

ch3och3 

NL 

NL 

*NL  « no  lasing 

Ratio  of  power  out  in  one  node  volume  divided  by  molar  flowrate 

of  HR  to  power  out  in  one  mode  volume  divided  by  molar  flowrate 
of  ti0 

/JV,  4 

•'Values  in  parenthesis  are  derived  from  the  reduced  cavity  fuel 
pressure  reduced  molar  flowrate  experiments. 

This  value  obtained  from  later  screening  studies  is  an  approxi- 
mate comparison  because  the  optical  resonator  used  when  c-C  H 
- provided  sufficient  gain  to  lase  was  different  than  that  usld6 
in  obtaining  the  other  results. 
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TABLE  XXVIII.  CAVITY  FUEL  COMPARISON 


Cavity  Fuel 

hI 


C4H10 


Power  Out, 

Power  Out*/ 

watts 

Molar  Fuel  Flow| 

4.95 

1.00 

0.45 

0.53 

0.36 

0.41 

♦Normalized  to  baseline  (H^  of  unity 


diverged  downstream  when  the  cavity  fuel  driving  pressure  was  near  the  design  pres- 
sure for  matching  flows.  A downstream  (from  the  center  cavity  fuel  nozzle)  power 
scan  for  propane  displayed  in  Fig.  162  shows  peak  power  about  0.30  inch  downstream, 
reducing  to  zero  about  0.50  to  0.75  inch  downstream,  whereas  with  H2  (also  shown 
in  Fig.  162)  the  gain  region  extended  beyond  1 inch.  Because  the  more  rapid  drop- 
off with  propane  may  have  been  a reflection  of  the  apparent  divergence  in  the  re- 
action zones,  the  driving  pressure  of  the  cavity  fuel  nozzles,  with  propane,  was 
reduced  until  visually  there  was  no  longer  a divergence.  A comparison  of  the  "on- 
design"  and  reduced  driving  pressure  flowfields  is  shown  in  Fig.  163.  Concurrent 
with  this  reduced  driving  pressure  is  a reduction  in  flow  of  the  cavity  fuel. 
Despite  this  reduction  in  flow,  at  0.25-inch  downstream,  the  outcoupled  power  (in 
one  mode  volume)  increased  (an  explanation  of  this  is  given  later) . A similar 
experiment  with  butane  gave  the  same  result.  These  results  are  summarized  in 
Table  XXIX.  In  Table  XXIX, the  reduced  power  entry  is  obtained  by  normalizing  the 
power  outcoupled  to  the  molar  flowrate  and  to  the  baseline  (F  + H2)  case  as  unity. 
(This  presents  a comparison  to  F + H2  which  is  somewhat  misleading  in  that  the 
flcwrate  of  H2  can  be  decreased  by  two  with  less  than  a factor  of  two  decrease  in 
power.)  A downstream  p„.<er  scan  under  these  operating  conditions  shows  that  the 
gain  region  for  propane  is  extended  by  about  50  percent. 


Evaluation  Tests. 


Following  the  preliminary  runs,  tests  were  conducted  to  obtain  a better  intercom- 
parison of  the  alternate  cavity  fuels.  Power  scan  data  were  taken  in  some  detail 


308 


g£g«*  1 ^ft^gggLggSfe 


■ * SEK^i 


and,  concurrently,  laser  emission  spectra  were  observed.  Theoretically,  the  per- 
formance of  several  of  the  alternate  cavity  fuels  is  potentially  better  than  that 
of  H2  in  a CW  HF  chemical  laser.  Based  on  a premixed  model,  the  rapid  pumping 
obtained  from  F + C^Hg  provides  higher  gain  than  the  F + H2  reaction,  as  shown  in 
the  Kinetic  Analysis  section  earlier  in  this  report;  yet,  in  terms  of  actual  out- 
coupled  power,  H2  gave  the  best  results  in  the  preliminary  tests.  The  power  scan 
data  provide  a basis  for  understanding  this  apparent  discrepancy,  which  will  be 
discussed  later. 


Power  Scans.  Power  scans  are  made  by  moving  the  active  medium  relative  to  the 
axis  of  the  optical  resonator  and  monitoring  the  outcoupled  power  as  described 
earlier.  The  general  procedure  for  an  alternate  cavity  fuel  scan  is  to  first  run 
F + H2  to  ensure  that  the  laser  is  operating  in  a normal  fashion.  This  includes 
reactant  flowrates,  cavity  pressure,  power  out,  and  laser  emission  spectroscopy. 
After  the  "baseline"  checkout,  the  alternate  cavity  fuel  is  utilized  in  place  of 
H2,  with  all  other  reactant  flows,  F2,  D2,  and  He,  maintained  at  the  baseline  flow- 
rates.  These  flowrates  vary  somewhat  but  not  significantly  from  run  to  run.  Float 
level  and  metering  pressures  are  recorded  and  actual  flowrates  are  calculated  dur- 
ing data  reduction.  After  the  run  with  an  alternate  fuel,  the  laser  is  again  run 
with  H?  as  a check  on  operating  characteristics.  Power  Scans  are  run  across  the 
nozzles  at  several  stations  downstream  of  the  nozzle  exit  plane. 


The  pjwer  scan  data  are  compiled  in  Fig,  164  through  168.  For  comparison,  Fig. 

167 'shows  a scan  for  the  baseline  F + H2.  The  vertical  scales  in  these  illustra- 
tions are  quite  different,  so  that  "intensity"  comparisons  between  them  is  invalid. 
However,  within  a given  illustration,  intensity  comparisons  are  valid.  Results 
of  an  aperturing  experiment  described  below  are  shown  in  Fig.  168  as  well  as  in 
Fig.  167.  Figures  164  through  166  shows  that  the  power  scan  data  are  quite  sim- 
ilar for  all  of  the  high  molecular  weight  cavity  fuels.  In  all  cases  except  F + 
c-C3H6,  and  n-C^Q,  there  are  power  maxima  above  each  outboard  cavity  fuel  nozzle, 
as  well  as  the  center  nozzle,  and  a greater  maxima  between  the  outboard  nozzle  and 
the  center  nozzle.  It  is  believed  that  these  maxima  between  the  nozzles  are  a re- 
sult of  the  fact  that  the  spatial  resolution  of  the  mode  volume  is  less  than  the 
separation  of  the  reaction  regions  occurring  at  the  interface  of  the  reactive 
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Power  Scan  Data  for  F + nTPropane 


streams,  as  will  be  discussed  later.  The  scans  also  show  that  the  outboard  noz- 
zles are  apparently  not  identical  (Fig.  164 'is  a good  example).  In  general,  the 
reaction  zone  downstream  of  the  left-hand  nozzle  reaches  threshold  gain  earlier 
than  that  downstream  of  the  right-hand  nozzle,  but  the  zone  downstream  of  the 
right-hand  nozzle  maintains  gain  above  threshold  longer,  thus  producing  a down- 
stream displacement  of  the  gain  region.  The  reason  for  this  is  probably  related 
to  a difference  in  expansion  ratios  of  the  two  nozzles. 


Aperture  Experiment.  The  approximate  relative  sizes  of  the  mode  volume  and  the 
reaction  region  are  shown  in  Fig.  169.  With  the  mode  volume  centered  downstream 
of  an  outboard  nozzle  (position  1) , the  gain  is  greater  than  threshold  and  out- 
put power  is  obtained  as  the  mode  volume  is  scanned  through  the  medium.  Another 
maxima  is  observed  when  the  mode  volume  spans  part  of  the  outboard  nozzle  region 
and  the  center  nozzle  region  (position  2) . The  largest  maxima  is  observed  with 
the  mode  volume  centered  above  the  center  cavity  fuel  nozzle. 

To  test  this  hypothesis,  a simple  aperture  experiment  was  run.  In  this  experiment, 
an  iris  was  mounted  on  the  10-meter,  gold-coated,  water-cooled  mirror  and  the  las- 
ing volume  stepped  down  until  the  power  outcoupled  decreased.  Figure  168  shows 
scans  at  about  0.25  inch  downstream  for  power  reduced  by  95  percent,  2/3  and  1/3 
with  propane  as  the  cavity  fuel  (so  that  the  intracavity  flux  is  relatively  small) . 
As  the  aperture  is  decreased,  the  spatial  resolution  is  increased.  These  results 
indicate  that  the  above  argument  is  valid.  One  could  say  that  the  peaks  observed 
at  position  2 are  real  and  that  the  aperturing  causes  them  to  quench  out;  however, 
in  comparison  with  the  outboard  nozzle  peak  on  the  right-hand  side  of  Fig.  168  the 
position  2 peaks  appear  much  stronger,  yet  disappear  more  rapidly.  If  they  were 
real  they  would  be  expected  to  remain  longer  as  the  aperture  is  decreased.  Also, 
they  would  not  move  as  indicated  in  the  P/Pq  = 2/3  trace.  With  this  understanding 
of  why  position  2 peaks  occur,  the  scanning  runs  are  made  without  aperturing  so 
that  lower  gain  regions  may  be  observed.  The  P/PQ  = 1/3  trace  shows  that  this  type 
of  aperturing  does  decrease  gain  within  the  reduced  mode  volume,  thereby  requiring 
greater  gain  to  reach  oscillation  threshold. 
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The  apparent  increase  in  spatial  resolution  that  is  introduced  by  aperturing  the 
beam  below  the  natural  stable  resonator  beam  diameter  is  intuitive,  but  not  immed- 
iately obvious.  A schematic  of  the  experiment  is  shown  in  Pig.  170,  From  this 
figure  it  is  clear  that  the  immediate  effect  of  the  aperture  is  to  introduce  large 
diffraction  losses  as  the  aperture  diameter  approaches  the  natural  stable  resonator 
mode  diameter.  Figure  171  shows  the  relationship  of  the  natural  mode  diameter, 
depicted  by  a circle,  and  the  gain  region  indicated  by  the  shaded  gaussian  distri- 
bution. In  this  figure  the  center  of  the  gain  region  is  not  located  at  the  center 
of  the  natural  mode  volume. 

The  cross-hatched  area  shows  the  extent  of  the  gain  region  that  lies  within  the 
mode  diameter.  As  the  aperture  is  closed,  introducing  greater  losses,  the  oscil- 
lation will  cease  even  though  part  of  the  gain  region  is  within  the  mode  diameter. 

To  obtain  oscillation  again,  the  mode  diameter  must  be  moved  close  to  the  center 
of  the  gain  region.  The . increased  losses  introduced  by  the  aperture,  permitting 
oscillation  to  occur  only  when  the  center  of  the  natural  mode  diameter  is  at  the 
peak  of  the  gain  distribution,  yields  the  apparent  increased  resolution. 

Figure  167  shows  the  results  of  a partial  aperturing  experiment  run  with  H2  as 
the  cavity  fuel.  The  iris  is  within  the  optical  resonator  and  the  high  intracavity 
flux  caused  the  iris  to  smoke  as  the  aperture  approached  the  diameter  of  the  natural 
mode.  Because  of  this,  the  reduction  of  the  aperture  diameter  was  limited. 

Laser  Emission  Spectra.  Laser  emission  spectra  were  obtained  as  described  above 
under  Experimental  Arrangement.  Laser  emission  spectra  have  been  taken  during 
many  runs.  Figure  172a  through  172d [shows  a series  of  laser  emission  spectra 
taken  as  a function  of  increasing  precombustor  temperature.  As  expected,  the 
higher  J value  transitions  reach  threshold  as  the  temperature  is  increased.  These 
spectra  were  taken  with  a 5-degree-cant,  AR-coated  A^O^  window,  high-loss  cavity/ 
resonator  configuration.  The  general  family  of  lines  observed  where  testing 
alternate  cavity  fuels  was  shown  in  Table  XXIX.  No  lines  other  than  those  shown 
in  this  table  have  been  observed  for  any  of  the  alternate  cavity  fuels.  In  general, 
only  some  of  the  lines  are  observed.  As  the  power  outcoupled  decreases,  the  number 
of  lasing  lines  reduces. 
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Figures  173  and  174  were  taken  using  the  CaF2  Brewster  angle  windows  and  a hole 
outcoupler  as  shown  in  Fig.  175.  With  the  appreciably  lower  loss  cavity/resonator 
configuration,  several  additional  laser  transitions  exceed  oscillation  threshold. 
The  spectra  shown  in  Fig.  173  were  obtained  0.25  inch  downstream,  while  the  spectra 
shown  in  Fig.  174  were  obtained  0.90  inch  downstream.  The  lines  in  these  figures 
marked  with  a "?"  have  not  yet  been  positively  identified. 


The  spectrum  shown  in  Fig.  J73  was  obtained  with  the  resonator  structor  open  to 
the  atmosphere.  When  the  resonator  is  purged  with  dry  nitrogen,  the  1 -*■  0 P(5)  line 
also  lases. 


Discussion 


The  results  of  the  small-scale  laser  tests  when  coupled  with  mixing  and  deactivat- 
ing characteristics  of  the  alternate  cavity  fuels,  provide  a general  picture  of 
the  place  of  alternate  cavity  fuel  in  supersonic,  mixing  chemical  lasers.  M-st 
importantly,  it  is  evident  that  the  high  molecular  weight  of  the  alternate  cavity 
fuels  inhibits  the  mixing  of  the  cavity  fuel  into  the  F atom-containing  stream. 

In  all  the  alternate  cavity  fuel  scan  data,  the  power  distribution  is  greatly 
peaked  directly  downstream  of  the  cavity  fuel  nozzles.  In  comparison,  the  scan 
data  using  the  baseline  cavity  fuel  H2  (Fig.  167)  indicate  a gain  region  reaction 
zone  of  greater  extent.  If  the  flow  were  laminar,  the  primary  mixing  mechanism 
would  be  diffusion  which  decreases  with  the  square  root  of  the  molecular  weight. 
This  factor  is  6 for  the  lightest  alternate  cavity  fuel,  so  this  effect  could  be 
quite  significant.  Whereas,  with  H2>  the  reaction  zone  is  determined  by  the  ex- 
tent that  H2  penetrates  the  F atom  stream,  the  reaction  zone  associated  with  an 
alternate  cavity  fuel  is  probably  determined  by  the  penetration  of  the  F atoms  into 
the  cavity  fuel  stream.  Consequently,  the  newly  formed  excited  HF  is  surrounded 
by  cavity  fuel  molecules.  Therefore,  performance  in  this  configuration  may  be 
highly  dependent  upon  the  deactivation  rate  of  HF  by  cavity  fuel  molecules  givr. 
that  the  pumping  rate  is  sufficiently  fast  that  oscillation  threshold  gain  is 
exceeded.  Table  XXX  is  a listing  of  room  temperature  rates  for  deactivating  HF 
(v=l)  and  overall  reaction  rates.  Most  of  these  have  been  obtained  experimentally. 
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TABLE  XXX.  PUMPING,  k , AND  DEACTIVATION  RATES 

g 

FOR  SOME  CAVITY  FUELS 


Fuel 

V 

cm^  mole-*  sec“l 

kd» 

sec“l  torr’l 

3 V-! 

cnr  mole  torr 

n-C3H8 



3.3  x 10i,s 

1.4  x 106 

2.36  x 107 

n'C4H10 

2.9 

1.7  x 106 

1.71  x 107 

C“C3H6 

2.9 

3.2  x 106 

0.90  x 107 

H2 

1.0 

2.4  x 105* 

4.17  x 107 

HC1 

0.9 

7.0  x 104 

1.29  x 108 

HBr 

2.3 

7.0  x 103 

3.43  x 109 

*Does  not  include  deactivation  by  H atom 


Hydrocarbon  Cavity  Fuels.  As  shown  in  Tab .0  XXX,  the  deactivation  rates  of  the 
hydrocarbon  cavity  fuels  are  relatively  high.  This,  coupled  with  the  power  scan 
data  that  show  that  these  cavity  fuels  apparently  do  not  mix  well  as  H2,  provides 
an  explanation  of  why  the  performance  indicated  by  the  premixed  model  is  not  re- 
alized in  the  test,  device.  Assuming  that  the  concept  of  role  reversal  of  the  two 
streams  (that  for  the  high  molecular  weight  cavity  fuels  the  F atom  must  diffuse 
into  the  cavity  fuel  stream  to  form  HF)  is  at  least  qualitatively  correct,  then, 
as  mentioned  above,  the  excited  HF  is  in  a high  local  density  of  rather  rapid  de- 
activators decreasing  the  gain  and  power  available  from  the  active  medium.  This 
also  explains  the  behavior  noted  in  the  preliminary  runs  with  propane  and  butane 
where  the  power  outcoupled  increased  when  the  cavity  fuel  flowrates  were  decreased. 
In  effect,  the  decrease  in  flowrate  decreased  the  local  concentration  of  deacti- 
vators with  no  loss  in  pumping,  thus  increasing  the  gain  and  power  available  to 
iase.  Further  decrease  in  flowrate  would  eventually  reduce  the  pumping  rate  and 
thus  reduce  gain  and  available  power. 

If  the  hydrocarbon  cavity  fuels  are  assumed  to  mix  at  the  same  rate,  which  is 
orobably  a reasonable  assumption  because  the  disparity  in  molecular  weights  is 
small,  under  these  poor  mixing  conditions,  the  relative  performance  would  be 
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determined  by  the  ratio  of  the  pumping  reaction  to  the  deactivating  rate,  kg/kd* 
This  ratio  is  also  given  in  Table  XXX.  Based  upon  this  ratio,  the  relative  per- 
formance of  these  fuels  should  be  that  n-propane  is  better  than  n-butane,  which, 
in  turr.  should  be  better  than  cyclopropane.  This  is  the  order  indicated  by  the 
data  (Table  XXVII). 


The  reasons  for  the  lack  of  lasing  found  with  CF^H,  CF2CIH,  and  CHjOCH^  have  not 
been  completely  established.  In  the  case  of  CF^H  the  overall  reaction  rate  for 
F + CF^H  HF  + CF^  is  very  slow  compared  to  F + H2  -*■  HF  + H,  as  reported  later 
in  this  document.  This  could  be  the  primary  reason  for  not  observing  lasing.  Be- 
cause of  the  structural  similarity  of  CF2CIH  to  CF^H,  a slow  reaction  rate  would 
also  be  expected  and,  consequently,  would  also  explain  the  lack  of  observed  lasing. 
The  abundance  of  methyl  protons  on  CHjOCHj  suggest  that  the  overall  reaction  rate 
would  be  high.  In  this  case,  the  lack  of  lasing  may  be  a consequence  of  an  even 
higher  deactivation  rate  of  CH^OCH^  compared  to  c-propane.  The  presence  of  a 
basic  site  at  the  0 atom  in  this  molecule  might  promote  "sticky"  deactivating 


collisions. 


Hydrogen  Halides.  Power  scan  data  obtained  with  HC1  as  the  cavity  fuel  (Fig.  158) 
gives  results  that  are  about  the  same  as  for  the  hydrocarbon  fuels  that  provide 
gain.  Again,  the  high  molecular  weight  leads  to  a reduced  reaction  zone.  Based 
upon  the  k /k , ratio,  HC1  would  perform  better  than  the  hydrocarbons  in  the  test 

o •» 

device.  As  shown  in  Table  XXVII,  more  power  was  outcoupled  in  one  mode  volume 
using  HC1  as  the  cavity  fuel  than  that  obtained  with  propane. 


Preliminary  data  obtained  with  HBr  as  the  cavity  fuel  gave  very  good  results 
(Table  XXVII)  in  the  first  experiments.  This  is  consistent  with  the  kg/kd  ratio  of 
HBr  from  Table  XXX.'  However,  in  subsequent  tests,  the  performance  with  HBr  was 
considerably  less  than  that  observed  initially.  Suspecting  contamination  of  the 
HBr,  a cold  trap  was  put  into  the  HBr  line  and  a cursory  run  was  made.  The  per- 
formance was  considerably  improved,  but  still  far  below  the  original  results. 
Inspection  of  the  cold  trap  revealed  that  considerable  material  had  been  trapped, 
much  of  it  appearing  to  be  H20.  (Later  in  this  report,  where  the  measurements  of 
the  overall  reaction  rate  of  f + HBr  are  described,  this  also  is  discussed.)  Addi- 
tional tests  were  conducted  on  this  compound  and  are  reported  and  discussed  later. 
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Chemical  Analyses.  Because  of  the  apparent  contamination  of  the  HBr  and  the  quite 
deleterious  effects  contaminants  could  have,  chemical  analyses  were  performed  on 
the  other  cavity  fuel  reactants.  The  results  of  chemical  analyses,  which  were 
performed  by  an  outside  laboratory,  of  the  hydrocarbon  alternate  cavity  fuel  candi- 
dates are  shown  in  Table  XXXI.  In  all  reactants,  except  cyclopropane,  the  purity 
is  greater  than  99.5  mole  percent.  The  impurities  present,  in  amounts  less  than 
0.5  mole  percent,  are  not  species  which  would  have  any  greater  HF*  deactivating 
characteristics  than  the  stipulated  reactant,  so  they  would  not  affect  the  results. 
This  is  also  true  for  cyclopropane,  which  contains  4.34  mole  percent  of  propylene, 
which  is  not  expected  to  deactivate  HF*  more  rapidly  than  cyclopropane. 
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PRECOMBUSTOR  FUEL  EVALUATION 

As  noted  above,  the  original  scope  of  work  for  this  part  of  Phase  II  was  to  eval- 
uate, through  simulation  experiments,  various  precombustor  reactant  systems  deemed 
acceptable  from  Phase  I thermochemical  and  kinetic  analysis.  Most  of  the  reactant 
systems  studied  in  Phase  I contained  hydrogen  (or  deuterium  replacement  for  hydro- 
gen) because  the  high  deactivation  rate  of  H2or  D2  was  unknown  early  in  the  program. 
However,  DF  was  found  by  other  investigations  to  have  an  appreciable  deleterious 
effect  on  HF  performance  prior  to  the  initiation  of  this  phase. 

Measurements  of  DF  deactivation  of  excited  HF  was  shown  to  have  a deactivation 
rate  about  50  percent  faster  than  HF  V-T  deactivation  of  HF  (v  = 1).  This  rate 
is  much  faster  (more  than  2 orders  of  magnitude)  than  that  found  for  CF^,  N2,  and 
SF6.  To  observe  the  effect  of  CF^,  N2,  SFg,  etc.,  on  laser  performance,  large 
concentrations  of  simulants  (on  the  order  of  100  times  that  of  DF)  would  be  re- 
quired to  match  the  relative  effects  of  the  DF.  Consequently,  the  approach  was 
modified  to  find  a precombustor  fuel  other  than  D2  to  eliminate  the  formation  of 
DF  in  the  combustor.  Fluorocarbon  fuels  were  selected  for  this  effort  inasmuch 
as  no  DF  is  formed. 

C^Fg/F^He  and  C^Fg/F^He  reactant  combinations  were  experimentally  evaluated  in 
combustor  tests.  Preliminary  evaluations  were  performed  in  workhorse  hardware; 

Based  on  the  results  of  these  preliminary  tests,  C^Fg  was  selected  for  further 
evaluation  because  of  superior  burning  characteristics  (as  noted  by  higher  com- 
bustion efficiency  and  less  evidence  of  sooting  in  the  exhaust  stream).  Checkout 
tests  with  the  C^Fg/F2/He  combination  utilizing  the  lasing  hardware  were  success- 
fully completed.  It  was  found  that  combustion  of  the  reactants  could  not  be 
sustained  in  the  presence  of  diluent  injected  with  the  fuel.  As  a result,  a sec- 
ondary injector  was  fabricated  and  evaluated  to  permit  sustained  operation. 

This  injector  was  designed  and  fabricated  for  use  in  follow-up  lasing  experiments. 

Following  the  characterization  of  the  new  precombustor  assembly  and  reactant  com- 
bination, baseline  tests  were  conducted  to  ascertain  the  performance  of  the  CWLL 
chemical  laser  using  D2/F2/He  and  C^Fg/F^He  reactant  systems.  Laser  power, 
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outcoupled  in  one  mode  volume,  was  measured  as  a function  of  position  in  the 
active  medium,  and  laser  emission  spectra  were  reoorded.  'Hydrogen  was  used  as 
the  cavity  fuel. 

Effort  in  this  phase  principally  focused  on  characterization  of  the  newly  de- 
veloped C4Fg/F2/He  combination.  Following  this  effort,  tests  were  conducted  to 
evaluate  NF„  as  areplacement  oxidizer  and  N2  as  a replacement  for  helium  diluent. 

DF-Free  Combustor  Tests 


Selection  of  Alternate  Precombustor  Fuels.  Several  alternate  precombustor  fuels 
were  considered  to  evaluate  a DF-free  precombustor,  as  listed  below: 


(CH)  2 

C3F6 

CS2 

C2F6 

C2F4 

C4F8 

Of  these,  both  CS2  and  CgFg  are  liquids  at  room  temperature.  These  were  elimi- 
nated from  further  ci nsideration  because  available  hardware  and  facilities  did 
not  permit  liquid  system  evaluation  with  minimum  effort.  (CN)2  was  also  elimi- 
nated for  evaluation  in  this  program.  This  fuel,  while  having  great  promise  for 
providing  high  laser  performance,  is  hazardous  to  handle  due  to  its  severe  fire 
and  explosive  characteristics.  Of  the  four  remaining  gaseous  fluorocarbons, 

C2F4  and  were  eliminated  from  further  consideration.  C2F4  can  be  explosive 
and  requires  an  inhibitor  (about  1 percent  of  f°r  sa*e  handling.  If  some 

of  this  stabilizer  were  carried  with  the  C2F4  vapor,  it  would  form  HF,  which  is 
to  be  avoided.  C2F&  requires  cryogenic  storage  and  was  suspected  to  be  a less 
efficient  laser  performer  due  to  the  reactant's  low  heat  of  combustion.  As  a 
result,  C3Fg  and/or  C^Fg  were  chosen  for  evaluation  as  gas  reactants.  Handling, 
storage,  and  delivery  features  presented  no  known  serious  problem  with  existing 
facilities  and  combustor  hardware.  These  materials  are  nontoxic,  noncryogenic, 
nonexplosive,  require  no  inhibitor,  and  can  be  stored  <:s  liquid.  Vapor  pressure 
at  only  slightly  elevated  temperatures  would  permit  evaluation  of  the  reactant 
as  a gas. 
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Facility  Description.  Test  activities  to  evaluate  DF-free  combustors  were  con- 

1 

; ducted  at  TARE  stand  in  the  Propulsion  Research  Area  (PRA)  of  Rocketdynes  Santa 

I 

Susana  Research  Laboratories.  TARE  stand  was  activated  to  provide  a versatile 

I 

facility  capable  of  testing  baseline  ^ and  Fj  reactants,  fluorocarbon  fuels  and 
F„.  and  fluorocarbons  with  NF„.  This  last  combination  is  nonhypereolic.  and  an 

J T“  »' 

f ignition  sequence  utilizing  F2  was  also  provided.  Figure  176 'presents  the  stand 

5,  schematic;  within  this  system  is  a water  heater  unit  which  provides  the  desired 

1 

run  pressure  at  elevated  temperatures  when  C^Fg  is  used.  (C^Fg  has  insufficient 

l 1 

1 vapor  pressure  at  ambient  temperatures.)  Also  included  is  an  accumulator  to  pro- 

fg 

[ vide  adequate  fuel  supply  for  a 5-second  run  duration.  C^F^  flow  capability  is 

a 

E provided  by  simply  teeing  this  system  into  the  main  fuel  storage  system  line. 

£ 

The  combustor  was  mounted  horizontally  (Fig.  177).  Propellant  and  diluent  supply 

£ 

- pressure  were  set  by  motorized  loaders/regulators  in  conjunction  with  electrically 

I 

i operated  tank  vent  and  control  valves.  Purge  pressures  were  set  with  hand  loaders. 

■ Firing  sequencing  was  controlled  through  an  electronic  sequencer  from  the  blockhouse. 

| 

1 

\ Pressures  were  measured  with  bonded  strain-gage  transducers  (Taber  Teledyne). 

| 

Chamber  pressure  was  measured  at  two  positions  in  the  chamber  in  all  tests.  Liquid 

| 

, water  coolant  flowrates  were  measured  by  means  of  turbine  flowmeters.  The  gaseous 

| 

propellant  flowrate  was  measured  by  sonic  venturi  meters.  Temperature  was  measured 

l 

using  iron-constantan  thermocouples.  Transducer  calibrations  were  employed  to  ob- 

1 

1 

| Pressure  transducers  were  calibrated  end  to  end  by  mounting  them  on  stand  manifolds 

* in  which  pressures  are  read  with  high-precision  Heise-Bourdon  tube  gages.  The  lat- 

| ter  is  calibrated  periodically  on  a Ruska  deadweight  testers.  All  pressure  trans- 

I ducers  had  a four-time  calibration  at  the  start  of  the  test  program  with  the  length 

| of  pickup  line  from  pressure  tap  to  transducer  minimized.  The  turbine  flowmeters 

1 were  calibrated  prior  to  the  initial  test  and  the  sonic  venturi  meters  were 

? 

I calibrated  by  the  manufacturer  to  determine  the  discharge  coefficient  (Cn). 
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Thermocouples  were  used  on  the  basis  of  the  standard  NBS  millivolt/temperature 
tables  and  thermocouple  recorders  were  electrically  calibrated.  The  following 
auxiliary  recording  systems  were  employed: 

1.  An  8-channel,  Brush,  Mark  200  recorder  was  employed  in  conjunction 
with  a Beckman  unit,  primarily  to  establish  time  intervals  for  com- 
puter data  reduction  and,  additionally,  for  "quick-look"  information  on 
the  most  important  parameters.  This  is  a direct-inking  system,  with 
display  on  high-gloss,  graduated  paper  moving  at  20  mm/sec. 

2.  Direct-inking  graphic  recorders  (DIGR’s),  either  Dynalog  rotary  chait 
or  Esterlxne-Angus  strip  chart,  were  used  to  set  prerun  propellant 
supply  pressures,  for  recording  of  propellant  manifold  pressures,  to 
provide  quick-look  information,  and  as  secondary  backup  to  the  Beckman 
and  oscillograph  recorders. 

3.  An  Ester line-Angus,  20-channel  event  recorder  was  used  for  direct-inking 
recording  of  main  propellant  valve  signal  and  travel;  as  well  as  for 
chart  drive  and  camera  actuations. 


Combustor  Hardware.  The  basic  combustor  hardware  associated  with  the  small-scale 
laser  test  device  was  described  in  "Experimental  Apparatus."  For  the  combustor 
testing  of  alternate  fuels  to  develop  a DF-free  combustor,  additional  combustor 
hardware  was  utilized  as  described  below. 


Workhorse  Hardware.  Four  workhorse  components  were  available  to  support 
this  test  program:  (1)  a copper,  single-element  triplet  injector;  (2)  a copper, 

uncooled  combustor;  (3)  a stainless-steel,  uncooled  combustor;  and  (4)  a water- 
cooled,  copper  nozzle. 

The  copper,  single-element  triplet  injector  (Fig.  178)  was  utilized  in  early  ex- 
periments to  provide  optimum  mixing  of  the  gas/gas  reactants  when  used  in  con- 
junction with  the  uncooJed  stainless-steel  combustor  (Fig.  179).  Heat  loss  data 
with  this  configuration  are  unavailable;  however,  assumed  heat  losses  at  given 
flow  conditions  were  determined  from  available  heat  flux'  data  on  similar  hardware 
where  empirical  data  were  available. 
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An  uncooled,  copper  combustor  assembly  (Fig.  180  and  181)  was  also  utilized  in 
this  program  with  an  upstream  configuration  identical  to  the  regenerative/ dump- 
cooled  combustor.  With  this  component,  the  concentric  element  injector  could  be 
evaluated  prior  to  receipt  of  the  sophisticated  regenerative/dump-cooled  combustor. 


The  last  additional  workhorse  component  utilized  in  this  program  was  a water-cooled, 
three-element  nozzle  (Fig.  182).  The  flow  characteristic  of  this  nozzle  is  matched 
to  the  Baseline  30  nozzle  array  and  was  utilized  in  many  of  the  original  tests. 


Secondary  Injector.  During  the  course  of  the  test  program,  the  need  for 
staged  diluent  injection  became  apparent.  Instabilities  and  quenching  occurred 
upon  introduction  of  the  helium  stream.  To  provide  for  adequate  operation,  a 
staging  injector  (Fig.  183)  was  fabricated  for  use.  This  component  is  installed 
between  the  combustor  and  nozzle  array.  Approximately  1 inch  of  mixing  length  is 
provided  downstream  of  the  second  and  last  row  of  elements.  The  element  config- 
uration is  designed  to  place  one-fourth  of  the  total  flow  into  the  center  of  each 
quadrant  of  the  combustor  cross  section.  Cooling  is  provided  by  regenerative  fjow 
of  the  diluent  and  some  heat  extraction  by  the  1^0  coolant  of  the  adjacent  compo- 
nents. As  a result,  very  little  additional  heat  loss  is  introduced  into  the 
assembly  by  incorporation  of  this  component. 


Data  Reduction  Technique/Description.  F.'-r  laser  operation,  composition  of  the 
products  of  combustion  in  the  fluorine  nozzle  are  required,  and  can  be  determined 
only  if  the  driving  pressure  and  nozzle  inlet  temperature  are  known.  In  addition, 
the  unburned/ undissociated  reactants  are  required.  To  provide  this  information, 
the  following  procedure  was  employed: 


1.  Flowrates,  heat  losses,  and  chamber  pressure  are  directly  measured 
and  are  provided  for  each  test. 

c*  is  determined  bv  the  relation® 


2. 


<.  ★ = 


PcAt 


<3)See  nomenclature  listing  for  symbol  definitions 
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Cooled  Copper  Workhorse  Nozzle 


Figure  183.  Secondary  (Staging)  Diluent  Injector,  CWLL 


where: 

P 


w. 


theo 


a measured  value  averaged  between  two  Taber  0-  to  100-psia 
transducer  outputs 

the  cold-flow  area  based  on  cold  GN2  blowdowns  wich  constant 
applied  boundary  layer 

the  total  flow  of  the  system  summed  by  three  flow-control 
devices,  one  on  each  gas-flow  line 

either  the  frozen  or  full  shifting  theoretical  c*  value 
from  Rocketdyne’s  n-element  program  which  has  been  utilized 
in  nearly  all  of  Rocketdyne's  rocket  engine  test  programs 


The  theoretical  c*  value  is  generated  with  and  without  heat  loss  corrections. 
Efficiency  quantities  are  then  determined  as  a measure  of  the  injector  mixing/ 
reactant  burning  to  completion  efficiency. 


3.  Combustor  efficiency  is  defined  as: 


V 


act 


uncorr  theo  (no  heat  loss  correction) 


and 


Hr 

corr 


c* 

<T* 


act 

theo  (with  heat  loss  correction) 


and  c*the0  is  generated  for  full-shifting  composition  unless  otherwise  noted 

p 

4.  The  nozzle  stagnation  temperature,  Tq  , is  determined  by  the  n-element 
shifting  program,  having  been  calculated  based  on  an  energy  balance  of 
heats  of  combustion,  heat  losses,  pressures,  reactants,  dissociation, 
and  recombination. 

5.  The  products  are  determined  by  the  same  energy  balance  program,  from 

which  $,  MW,  y,  C , a and  are  determined. 

P avail 

C*Ffi/F2/He  Reactant  Combination  Evaluation.  Combustion  tests  were  initiated  to 
assess  ignition,  performance,  ar..'  heat  transfer  characteristics  of  C-F.  when  used 

«S  D 

in  combination  with  fluorine  (F2)  and  helium  (He).  The  combustor  assembly  em- 
ployed in  these  tests  consisted  of  a two-element  (concentric)  injector  (Fig.  135 
and  136),  an  uncooled  copper  chamber,  and  a water-cooled  workhorse  nozzle. 
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Conventional  strain-gage  pressure  transducers  were  used  for  all  pressure  measure- 
ments. Temperatures  were  determined  with  either  iron-constantan  or  chromel-alumel 
thermocouples.  Gas  flows  were  metered  through  conventional  sonic  nozzles,  while 
the  nozzle  coolant  flowrate  was  measured  with  a conventional  turbine-tyne  meter. 

Initial  checkout  tests  were  conducted  using  a short  ignition  lead  of  gaseous  hydro- 
gen to  initial  combustion.  Results  indicated  that  the  reaction  could  be 

initiated  and  sustained  at  the  mixture  ratio  evaluted  and  subsequent  data  tests 
were  conducted  without  auxiliary  hydrogen.  Four  tests  of  approximately  3 seconds 
duration  were  conducted  (tests  4 through  7,  Table  XXXII).  Run  duration  was  mini- 
mized to  preclude  overheating  the  uncooled  chamber.  For  these  four  initial  tests 
(No.  4 through  7),  the  flow-control  orifice  was  located  approximately  18  inches  up- 
stream of  the  fuel  main  valve.  To  reach  steady  operation,  up  to  3 seconds  of  run 

time  is  required.  (The  data  slice  quoted  was  immediately  prior  to  shutdown.)  As 

such,  the  fuel  flowrate  quuted  for  these  tests  could  be  lower  than  the  actual 

flowrate  achieved.  The  nominal  corrected  c*  efficiency  quoted  for  these  tests  is 

nominally  75  percent.  Posttest  examination  of  the  combustor  interior  disclosed 
substantial  carbon  buildup  of  a sooty  consistency, 

Becau  e of  these  preliminary  test  results,  two  additional  tests  (No.  8 and  9)  of 
approximately  5 seconds  duration  were  conducted  to  verify  the  operation  of  the 
combustor  and  performance  characteristics  of  the  C^F^.  Before  testing,  the  C3F6 
flow  system  was  modified  to  incorporate  a larger  diameter  supply  line  and  a re- 
duced distance  between  the  sonic  nozzle  and  main  valve.  These  modifications  were 
designed  to  more  fully  ensure  a constant  flow  of  C3F6  to  the  combustor  which 
appeared  erratic  due  to  the  high  pressure,  uncontrolled  gas  present  between  the 
flow-control  orifice  and  main  valve.  Modifications  reduced  the  volume  to  one- 
sixth  the  original  volume  so  that  flow  control  was  reached  in  approximately 
0.5  second. 

To  verify  combustor  operation,  test  No.  8 was  conducted  using  R,  instead  of  CjF6. 
The  resulting  calculated  corrected  c*  efficiency  value  of  91.0  percent  indicated 
somewhat  lower  performance  than  data  obtained  from  previous  testing  (see  H2/F2/He 
Baseline  tests)  using  the  same  type  of  injector  and  the  same  nozzle.  However, 
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the  uncooled  copper  chamber  heat  loss  was  determined  by  a temperature  measurement 
placed  into  the  cutout  segment  of  this  assembly  (Fig.  180).  A heat  flux  value 
was  calculated  by  the  isolation  pad  temperature  rise.  Extrapolating  this  pre- 
sumed average  heat  flux  over  the  entire  mass  permitted  the  determination  of  the 
total  heat  loss.  Heat  loss  calculations  made  for  this  test  compare  favorably 
with  measurement  made  in  the  H2/F2/He  checkout  series;  however,  the  corrected  nc* 
value  for  this  "baseline"  test  is  approximately  8 percent  lower  than  previously 
determined  and  may  be  due  to  the  rather  short-duration  test  measurement  of  isola- 
tion pad  temperature  rise. 

Test  No.  9,  using  CJ^  as  the  fuel,  resulted  in  a calculated  corrected  c*  effici- 
ency of  91.5  percent.  A comparison  of  the  chamber  pressure  traces,  as  shown  in 
Fig.  184,  shows  that  the  combination  of  F2/H2/He  of  test  No.  8 produced  a very 
stable  P trace,  while  the  F_/C_F,/He  combination  in  test  No.  9 exhibited  oscil- 
lations  (24  Hz).  These  results  suggest  that  the  combustor  itself  is  performing 
nominally,  while  the  combination  of  F^C.^  results  in  instability.  Substantial 
carbon  buildup  was  once  again  noted. 

From  these  checkout  tests,  it  was  concluded  that:  (1)  a reaction  between  F2  and 

C^Fg  could  be  initiated  and  sustained  but  combustion  was  unstable  and  appreciable 
amounts  of  soot  were  formed,  and  (2)  additional  testing  over  a wider  operating 
range  should  be  conducted  to  confirm  the  preceding  observations. 

For  tests  No.  10  through  14,  a new  uni ike-impinging  triplet,  copper  injector 
(Fig.  185)  was  designed  for  optimum  mixing  at  a single  nominal  test  condition. 

In  addition,  a simple  matching  chamber  was  also  designed  for  use  with  the  new 
injector  (see  Workhorse  Hardware  description). 

Five  tests  of  approximately  5 seconds  each  were  conducted.  The  initial  two  tests 
were  conducted  with  F^C^F ^ and  no  helium  dilution.  The  next  two  tests  were  with 
F2/C,F6/He,  in  which  the  latter  was  at  a specific  operating  condition  closer  to 
where  the  injector  was  optimized.  Finally,  the  last  test  was  conducted  with 
F2/H2/He  as  a reference  base  for  performance  comparison  and  for  verification  of 
performance  consistency  with  previous  test  results. 
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The  results  of  the  five  tests  are  outlined  in  Table  XXXII.!,  Test  conditions  for 


the  CjF6/F2/He  tests  were  well  above  the  nominal  stoichiometric  condition  for 


F2/C3F6- 


The  calculated  corrected  c*  efficiencies  for  these  tests  were  nominally 
85  percent . 


The  results  of  tests  12  and  13,  which  were  without  helium  dilution,  indicated  the 
same  order  c*  efficiency  (and  similar  temperature  degradation)  as  for  neat  opera- 
tion. It  should  be  noted  that  test  13  was  the  operating  condition  for  which  the 
injector  mixing  characteristics  were  more  closely  optimized.  The  level  of  per- 
formance C — 86  percent)  for  these  tests  appears  to  be  approximately  nominal  for 
this  reactant  combination. 


Finally,  the  last  test  was  conducted  with  F2/H2/He  (no  C^F^)  to  establish  a per- 
formance reference  with  the  preceding  four  tests  and  with  those  previously  con- 
ducted with  equivalent  combustor  configurations.  The  indicated  c*  efficiency  of 
~ 97  percent  appears  consistent  with  those  conducted  with  the  original  concentric 
orifice  CWLL  configuration. 


The  chamber  pressure  traces  for  the  five  tests  were  compared.  Tests  using  F2/C3F6/ 
He  with  7.8  percent  or  less  helium  dilution  did  not  exhibit  any  oscillations. 

When  the  helium  dilution  was  increased  to  14,4  percent  by  weight,  oscillations 
(24  Hz)  as  shown  in  Fig.  186  occurred.  Test  1*  using  F^I^/We  with  19.2-percent 
helium  dilution  did  not  exhibit  oscillations. 


Posttest  examination  of  the  combustor  interior  disclosed  a substantial  carbon 
deposit  on  the  injector  face  and  chamber  walls.  This  buildup  was  also  present 
in  the  previous  series  of  tests  and  is  indicative  of  reduced  F2/C3F6/He  combustion 
efficiency  since,  under  the  normally  F2«rich  operating  conditions,  little  free 
carbon  should  be  present. 


The  results  of  these  supplementary  experiments  clearly  indicate  the  performance 
characteristic  for  F2/CjF6  and  Fj/C^Fg/He  is  reduced  by  ~10  percent  in  comparison 
with  those  observed  with  F2/H2/He,  There  is  some  speculation  that  C^Fg  may  be 
decomposing  (2  C^F^  -*•  3 CF^  + 3C)  and  that  subsequent  carbon  reaction  with  F2 
results  in  reduced  performance. 


347 


m 


a 


These  results  show  that  hypergolic  combustion  between  F2  and  an  unsaturated  fluoro- 
carbon can  be  obtained.  However,  the  reduced  combustion  efficiency  of  C^F^.,  the 
excessive  soot  level  and  the  instability  with  helium  dilution,  suggests  a need  to 
seek  a different  fluorocarbon  fuel  that  will  provide  improved  overall  characteristics. 

C4Fg/F2/He  Reactant  Combination  Evaluation.  A review  of  fluorocarbons  available 

for  test  evaluation  at  this  time  indicated  that  C.F.  could  be  utilized  in  the  com- 

4 8 

bustor  test  activity.  C^Fg  has  similar  theoretical  thermochemical  performance  as 
C.^  when  reacted  with  and  diluted  with  helium.  However,  burner  test  results 
at  AFRPL-EAFB  indicated  that  the  fluorocarbon  C^Fg  might  burn  "cleaner"  than  the 
C.jF6  fluorocarbon  and,  as  a result,  might  also  achieve  higher  combustion  effici- 
encies in  the  CWLL  subscale  hardware.  Tnerefore,  effort  to  provide  a DF-free  com- 
bustor was  revised  from  burning  ^Fg/F^hv'  to  C^Fg/Fj/He. 

Test  activity  was  then  initiated  employing  the  F2/C^Fg  propellant  combination. 

Tests  1 through  1]  (Table  XXXIII)  were  conducted  to  verify  test  procedures  and 
adequacy  of  the  data  acquisition  system.  Tests  12  through  25  were  conducted  to 
evaluate  the  operation  of  C^Fg  and  F2.  These  25  tests  were  conducted  utilizing 
the  copper  triplet  injector,  the  stainless-steel  uncooled  combustor,  and  the 
water-cooled  nozzle  assembly  used  in  previous  experiments. 


Inspections  of  the  combustor  hardware  were  made  following  tests  No.  15,  20,  23, 
and  25.  Carbon  depositions  were  noted,  in  varying  degrees;  however,  all  inspec- 
tions indicated  less  buildup  than  noted  in  the  CjFg/F2  experiments.  Following 
test  No.  25,  a hardware  problem  was  detected.  A pinhole  leak  in  the  upstream  por- 
tion of  the  nozzle  assembly  was  noted  and  small  quantities  of  water  had  been  leak- 
ing into  the  combustor.  As  a result,  performance  data  acquired  and  reported  in 
Table  XXXIII  are  apparently  invalid  and  the  cause  of  high  c*corr  apparent. 
However,  some  qualitative  data  were  obtained.  Initial  tests  conducted  with  hel- 
ium and  C^Fg/F2  in  this  series  indicated  marginal  combustion  (Fig.  187)  when  the 
helium  was  injected  into  the  primary  combustion  zone.  In  test  No.  14,  combustion 
was  erratically  maintained,  while  in  test  No.  23,  combustion  ceased  when  the  hel- 
ium diluent  was  introduced  (Fig.  187),  In  addition,  less  carbon  is  formed  by  the 

C4F8^F2  react*on  t^lan  *n  the  C3F6/p2  react*on* 
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To  alleviate  the  quenching  problem  noted  by  helium  addition  to  the  primary  reac- 
tion zone,  a secondary  injector  (Fig.  183)  was  fabricated  from  Nickel  200  mate- 
rial. This  injector  was  fabricated  to  be  used  in  conjunction  with  the  CWLL  laser 
experimental  hardware  for  use  not  only  in  combustor  exp'*  -* mental  work  but  small- 
scaie  OF- free  laser  experiments.  This  component  was  designed  to  provide  regen- 
erative cooling  of  the  diluent  and  ample  downstream  length  for  mixing. 

Subsequent  combustor  experiments  (Tables  XXXIV  and  XXXV)  were  conducted  utiliz- 
ing the  secondary  injector  in  conjunction  with  the  two-element  concentric  injec- 
tor, the  water/regenerative-cooled  combustor,  and  the  Baseline  30  water-cooled 
nozzle  array.  No  flameouts  or  oscillations  were  detected  and  staging  was  consid- 
ered successful.  Tests  No.  26  through  29  were  conducted  with  the  new  hardware 
configurations  and  with  swirlers  placed  into  the  concentric  element  to  enhance 
mixing.  This  configuration  is  shown  in  Fig.  188. 

F2  INLET 


Figure  188.  Swirler  Schematic 


For  these  tests,  corrected  c*  values  were  95  to  97  percent,  with  and  without  di- 
luent flow  through  the  secondary  injector.  However,  difficulty  existed  in  re- 
taining the  swirler  configuration. 

Subsequent  tests  were  conducted  without  swirlers.  Maintaining  the  swirler  con- 
figuration for  extended  run  times  was  found  to  be  possible  only  by  a major  hard- 
ware modification.  As  such,  the  swirlers  were  removed  and  additional  data 
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acquired  indicated  adequate  performance  could  be  attained  without  their  use. 
CjFd/^/He  was  reevaluated  in  tests  No.  49  and  50,  and  equivalent  performance 
data  were  obtained  to  that  previously  reported. 


At  this  time,  another  hardware  difficulty  was  noted.  Cooling  of  the  injector  face 
is  accomplished  by  the  diluent  flowing  through  the  coolant  passages  of  the  regen- 
erative/water-cooled combustor,  exiting  into  the  coaxial  injector  face,  separated 
from  the  fuel  manifold  by  a metal  seal.  Warpage  of  the  combustor  face  from  numer- 
ous test  cycles  had  produced  a leak  path  for  helium  injection  into  the  fuel  flow 
system.  Refacing  of  this  warped  surface  permitted  acquisition  of  satisfactory 
data  in  tests  No.  49  through  58. 

Tests  No.  57  and  58  indicated  the  ability  to  adequately  react  C4Fs/F2/He  to  achieve 
the  desired  laser  operating  conditions  for  DF-free  laser  experiments  utilizing  the 
CWLL  hardware. 

Discussion  of  Results.  Information  acquired  in  DF-free  combustor  experiments  con 
ducted  in  support  of  this  contract  effort  can  be  summarized  as  follows: 

1.  Temperatures  for  dissociating  fluorine  at  proper  diluent  ratios  for 
chemical  lasers  can  be  obtained  by  combusting  C^Fg  with  F ^ and  He 
added  to  obtain  a DF-free  fluorine  stream. 

2.  The  C.F0  reaction  with  F„  produces  less  soot  and  reacts  more  closely 
to  completion  than  C^F^  with  F^  with  the  injectors  used  in  this  effort. 

3.  Instabilities  and  quenching  of  the  primary  reaction  can  be  expected 

in  many  instances  when  C^Fg/F2  and  are  reacted  in  the  presence 

of  helium,  at  least  in  small-scale  hardware. 

4.  Diluent  addition  into  a secondary  zone  can  be  adequately  mixed  into 
the  primary  gas  stream  and  virtually  unaffect  the  primary  reaction, 
thus  eliminating  the  above  effect. 

5.  Fluorocarbon  fuels,  C^Fg  and  C-jF^  are  hypergolic  with  fluorine. 
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The  ability  to  produce  the  necessary  laser  operating  conditions  was  demonstrated 
as  shown  in  Table  XXXVI  for  the  last  two  C^Fg/F2/He  tests  where  the  operating 
conditions  most  closely  approximate  the  desired  lasing  operating  condition. 


Furthermore,  the  DF-free  combustor  can  be  operated  at  conditions  "matching"  the 
baseline  operating  conditions  based  on  the  available  heat  transfer  data 

from  the  combustor  experiments.  The  predicted  matched  conditions  for  H2/F2/He 
and  C.F_/F„/He  are  shown  in  Table  XXXVII  where  matching  is  based  on  a nozzle 
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entrance  temperature  of  1550  K,  a = 12,  a nozzle  exit  pressure  of  10  torr  and 
a nominal  production  of  0.235  gm/sec  of  available  fluorine.  Also  shown  (case  II) 
is  a low  diluent  condition  where  = 4 and  all  other  constants  are  fixed  for 
C\ro/F„/He.  This  case  is  presented  to  note  the  approximate  operating  condition 
where  the  high  molecular  weight  fluorine  stream  was  optimized  for  outcoupled 
power  in  subsequent  experiments. 

Secondary  injection  of  the  diluent  flow  was  found  to  be  satisfactory  in  combustor 
experiments.  Quenching  and  chugging  were  eliminated  and  no  performance  degradation 
could  be  noted.  The  ability  to  properly  mix  the  diluent  into  the  primary  stream 
was  not  evaluated  in  this  task;  however,  subsequent  lasing  experiments  did  confirm 
a proper  injection  scheme. 


A plot  of  experimental  results  in  this  phase  is  presented  in  Fig.  189.  Corrected 
combustion  efficiency  versus  mixture  ratio  for  the  baseline  H2/F2/He,  C^F^/F^He, 
and  C^Fg/F2/He  reactant  combinations  is  shown  along  with  the  nominal  operating 
regime  for  chemical  laser  operation.  Numerous  experiments  were  conducted  at  high 
mixture  ratios  to  obtain  the  desired  temperature  level  when  conducting  "neat"  exper- 
iments and  to  assist  in  evaluating  the  injector  performance  when  operating  with  and 
without  diluent  effects. 


Though  error  limits  are  not  shown,  there  are  several  potential  sources  of  error 
which  should  be  noted.  For  example,  for  all  test  conditions,  a constant  throat 
dimension  was  assumed.  Boundary  layer  growth  and  nozzle  dimensional  changes  due 
to  heat  loading  affect  the  throat  dimension  utilized  in  the  efficiency  calculations, 
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TABLE  XXXVI.  OPERATING  CHART  - C4Fg/F 


Reactant 

Combination 

Mixture 

Rat4o 

Percent 

He 

To  . (K) 
mm 

(Nozzle  Entrance 
Temperature) 

a 

0 

Cp2) 

avail 

gm/sec 

MW 

C4WHe 

0.94 

17 

2100 

1.00 

21.2 

0.21 

18.1 

c4WHe 

1.08 

18.2 

1675 

0.96 

13.7 

0.32 

16.8 

TABLE  XXXVII.  CHEMICAL  LASER  COMPARISON  OPERATING  CHART 


Case  I 

tf 

°throat 

Percent 

Diluent 

a 

MW 

0 = 
C 

P 

12 

Y 

F2  .. 
avau 

MR 

H2/F2 

913 

31.6 

0.98S 

8.79 

5.40 

1.58 

0.285 

30.3 

C4VF2 

1002 

20.9 

0.976 

14.72 

6.94 

1.40 

0.285 

1.26 

0 =4 

Case  II 

C4F8/F2 

526 

10.07 

0.976 

22.17 

7.51 

1.36 

0.285 

1.40 

F 

FIXED  PARAMETERS:  TqF  = 1550K  (Nozzle  entrance  temperature). 


CIV  avail 


0.285, 


P 

cav 


= 10  torr 
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Corrections  for  the  numerous  test  conditions  would  be  impractical.  In  addition, 
good  heat  loss  data  were  not  obtained  because  heat  sink  hardware  was  used  on  many 
tests  and  many  tests  were  of  short  duration. 

Physical  constants  for  C^F^  and  C^Fg  are  not  well  defined.  When  it  is  necessary 
to  deal  with  substances  not  adequately  described  by  the  perfect  gas  law,  such  as 
C^F^  and  C^Fg,  and  for  which  tables  or  charts  are  not  available,  use  of  plotted 
correction  factors  to  apply  to  the  perfect  gas  law  are  required.  For  this  task, 
reduced  properties  of  pressure  and  temperature  were  assumed  for  the  given  test 
conditions;  and  assuming  the  general  shape  of  the  vapor  dome  and  assuming  the  con- 
stant temperature  lines  on  the  p-v  plane  are  similar  to  all  other  substances,  a 
compressibility  factor  can  be  determined.  This  method  is  approximate,  but  neces- 
sary until  detailed  data  become  available  on  C,F,  and  C„F„. 

3 6 4 8 


1 f 

53  { 


m * 
i!  * 


K 


m 


Small-Scale  Lasing  Tests 

With  the  development  of  the  DF-free  precombustor  which  required  the  use  of  second- 
ary diluent  injection,  and  with  NF^  becoming  available,  so  that  both  an  advanced 
fuel  and  an  advanced  oxidizer  could  be  evaluated  directly,  the  small-scale  laser 
test  plan  for  evaluating  precombustor  reactants  was  revised  in  several  ways.  These 
revisions  led  to  a series  of  lasing  tests  which  were  conducted  to: 
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1.  Evaluate  the  effect  of  secondary  diluent  injection 

2.  Evaluate  C^Fg/F^/He 

3.  Evaluate  the  replacement  of  He  with  N2 

4.  Evaluate  the  replacement  of  F2  with  NF^ 

5.  Evaluate  the  simulation  of  NF^  with  F2  and  N2 

A somewhat  different  philosophy  insofar  as  resonator  alignment  is  concerned  was 
followed  in  these  tests.  Whereas  in  the  prior,  cavity  fuel  evaluation  tests,  the 
resonator  was  tuned  to  low-order  modes  to  permit  some  spatial  resolution,  in  these 
precombustor  reactant  tests,  the  resonator  was  permitted  to  operate  in  higher-order 
modes  so  that  a larger  portion  of  the  active  medium  would  participate  in  the  gener- 
ation of  power.  This  procedure  provides  a better  comparison  of  the  effects  of  dif- 
ferent precombustor  reaction  products. 

D2/F2/He  Laser  Tests/Effect  of  Secondary  Diluent  Injector.  Lasing  tests  with 
increased  (higher  order)  mode  sizes  were  run  with  the  baseline  D2/F2/He  precombus- 
tor to  obtain  comparative  data  and  to  evaluate  the  secondary  diluent  injection 
mode  of  operation.  Two  optical  resonator  mirror  configurations  were  employed. 

The  first  configuration  was  that  (shown  in  Fig,  152) used  in  previous  tests.  With 
this  configuration  and  the  increased  mode  size,  significantly  larger  powers  were 
outcoupled.  The  maximum  outcoupled  power  was  about  23  watts  with  the  resonator 
axis  0.22  inch  (Cx  = 0.22  inch)  downstream  of  the  nozzle  exit  plane.  Another 
mirror  also  specified  by  the  vendor  to  be  a 2-percent  dielectric  tuned  transmitting 
mirror,  was  employed  in  some  tests (run  after  some  C^Fg  tests,  see  later  discussion) 
in  which  about  10  watts  was  outcoupled  under  what  should  have  been  identical  con- 
ditions. This  apparent  discrepancy  will  be  discussed  later. 
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This  baseline  flow  conditions  and  test  data  are  presented  in  Table  XXXVIII, 

Table  XXXIX  shows  the  laser  emission  spectral  content  at  = 0.22  inch  with  a 
dry  resonator  purge.  Figure  190  shows  horizontal  power  scans  recorded  at 
C =0.22  inch,  0.42  inch,  and  0.65  inch.  The  location  of  the  nozzles  are 
indicated  in  the  figure.  By  and  large,  the  curves  are  similar  to  those  recorded 
earlier  (Fig,  167)  except  that  there  is  some  "peaking"  directly  downstream  of  the 
middle  H 2 nozzle.  (The  two  figures,  Fig.  190  and  191,  showing  scan  data  are 
somewhat  qualitative.  A physical  rearrangement  of  the  optical  train  used  for 
these  scans  produced  vignetting  so  that  on  the  right-hand  half  of  the  sweep  of 
these  scans,  the  recorded  intensity  was  artificially  attenuated.  This  was  not 
discovered  until  after  the  experimental  effort  was  completed.  The  curves  shown 
in  these  four  figures  were  generated  by  reflecting  the  left-hand  portion  of  the 
sweep  to  generate  the  right-hand  portion.  Based  on  the  data  shown  earlier,  this 
is  reasonable  and  all  that  is  lost  is  the  fact  noted  earlier  that  the  two  outboard 
H2  nozzles  are  apparently  not  identical.) 


The  mode  volumes,  as  determined  by  plexiglas  bum  patterns,  are  shown  in  Fig.  192 

p 

for  these  tests.  Operating  conditions  (i.e.,  T , B,  MR,  P ) could  be  varied  some- 
what from  those  at  which  maximum  power  was  obtained  with  little  loss  in  power. 


To  test  the  effect  of  secondary  diluent  injection,  a series  of  runs  was  made  pro- 
portioning the  diluent  between  the  secondary  diluent  injector  and  the  primary 
injectors.  A full  0-  to  100-percent  range  was  achieved  with  no  change  in  performance. 

It  is  of  interest  to  estimate  the  specific  power  potentially  achievable  based  on 
the  above  results.  To, do  this,  a few  assumptions  must  be  made:  (1)  the  total 

round  trip  loss  in  the  resonator  is  estimated  at  6 percent  so  that  with  the  2- 
percent  outcoupling,  the  medium  is  delivering  three  times  the  measured,  outcoupled 
power;  (2)  based  on  the  nozzle  scan  data,  one  and  one-half  mode  volumes  across  the 
nozzle  (on  the  average)  could  deliver  the  outcoupled  power  measured;  and  (3)  from 
the  downstream  scans, at  least  one  mode  volume  located  0.3  inch  downstream  would 
deliver  20  watts,  a second  located  0.9  inch  downstream  would  deliver  10  watts, 
a third  located  1.5  inches  downstream  would  deliver  5 watts.  Thus,  a somewhat 
conservative  estimate  of  "integrated"  power  outcoupled  is  1.5  (20  + 10  + 5)  = 52.5 
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TABLE  XXXIX.  SPECTRAL  CONTENT  SUMMARY  SHEET 


m 


If] 


D2/F2/He  Baseline 


VD2/N2 


C4F8^F2^He  Basel^ne 


C4F8/F2/N2 


WF2/N2/H' 

(NF3  Simulation) 
C4Fg/NF3/He 


C4Fg/NF3/He 


VVW— very,  very  weak 
VW  — very  weak 
W — weak 
M — moderate 
S — strong 
VS  —very  strong  ' 
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Figure  lyz.  Burn  Patterns,  DVF_/He  Baseline  Test 


Slice  No.  1 - 0.22  inch  poutcoupled 
Slice  No.  2 Cx  = 0.42  inch  Poutcoupled 
Slice  No.  3 Cx  = 0.65  inch  p0utc0upieci 
Slice  NO.  4 Cx  - 0.85  inch  Poutcoupled 


23  watts 


= 18  watts 


= 18  watts 


13  watts 
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watts.  Total  power  delivered  is  then  157.5  watts  (this  would  correspond  to  what 
would  be  measured  in  a closed  cavity  measurement)  for  a total  flow  of  1.1  gm/sec. 

The  specific,  energy  available  is  thus  greater  than  66  kJ/lb. 

The  intracavity  flux  density  is  about  850  watts  for  the  peak  power  point,  which 
is  somewhat  low  compared  to  a very  high  power  device,  but  sufficiently  high  so 
that  at  least  partial  saturation  is  achieved.  With  increased  flux,  some  increase 
in  specific  power  could  be  anticipated.  All  in  all,  the  projected  specific  power 
for  this  baseline  test  appears  quite  consistent  with  good  chemical  laser  performance. 

C4c8/F2/He  baser  Tests.  For  the  laser  tests  utilizing  C^Fg  in  place  of  D2,  the 
same  resonator  configuration  was  used  as  in  the  baseline  tests  described  above. 

Tttsts  were  made  with  boui  2-percent  mirrors.  However,  in  these  tests,  the  out- 
coupled  power  did  not  depend  on  the  mirror  used.  The  reason  for  this  is  unknown 
(and  will  be  discussed  later). 

Typical  flow  conditions  for  these  v<.sts  are  shown  in  Table  XXXVIII 1 and  spectral  con- 
tent in  Table  XXXIX,  The  maximum  outcoupled  power  was  10  watts  at  * 0.22 
inch  with  9 watts  at  0.42  inch,  and  9 watts  at  0.65  inch.  Fewer  spectral  lines 
were  observed  with  relative  intensities  peaking  at. lower  J values  than  for  the 
base.ine  case.  The  latter  is  consistent  with  the  nozzle  entrance  temperature  as 
shown  in  Taole  XXXIX, 

Across-the-nozzle  scans  are  shown  in  Fig.  191.  There  is  a significant  difference 
in  the  fluid  d;  amic  operating  conditions,  compared  to  the  baseline  case,  as  shown 
by  these  scans.  The  location  of  the  Hj  cavity  fuel  nozzles  are  as  shown  in  the 
figure  so  that  it  car  be  seen  that  in  this  test  the  flowfield  exhibited  consider- 
able divergerc.e.  usscr  power  was  outcoupled  over  a range  exceeding  the  nozzle 
separation  that  incrou'-jd  with  downstream  location.  This  circumstance  was  gen- 
erally noted  in  tests  where  the  fluorine  flowfield  y is  less  than  in  the  baseline 
case.  This  is  to  be  expected  because  with  the  fixed  area  ratio  of  the  nozzle, 

•■bich  was  designed  for  y = 1-5,  the  flow  for  a y * 1.25,  for  example,  will  be 
underexpanded  by  a factor  of  2 for  the  same  pressure  difference. 
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The  optimum  diluent  ratio  was  substantially  less  than  for  the  baseline  case.  The 
high  heat  loss  characteristics  of  the  precombustor  required  high  theoretical  tem- 
peratures. Reducing  the  mixture  ratio  to  achieve  higher  temperatures  (and  thus 
higher  a)  reduces  the  fluorine  available  ith  resulting  decrease  in  laser  perform- 
ance. Higher  performance  is  believed  achievable  with  larger  (scaled  up)  hardware 
where  heat  loss  would  be  a smaller  percentage.  Lower  chamber  pressure  was  uti- 
lized to  reduce  overexpansion,  as  noted  above. 


An  important  feature  of  these  results  is  the  lengthened  lasing  zone  with  power 


outcoupled  almost  independent  of  downstream  position  up  to  Cx  = 0.65  inch  (the 


maximum  downstream  position  where  data  were  taken) . This  is  consistent  with  a 
lower  nozzle  entrance  temperature  which  would  result  in  a reduced  temperature 
after  expansion,  compared  with  the  baseline  case  and  the  fact  that  the  boundary 
layer  growth  will  be  substantially  less  than  that  in  the  baseline  case.  Consider- 
ing the  warm  boundary  layer  as  the  "mate'  " which  initiates  the  F atom-cuvity  fuel 


reaction,  the  C4Fg  flow  generates  a snu.  . r,  cooler  "match,"  so  that  the  pumping 


reaction  will  be  slower  and  the  downstream  lasing  length  will  increase. 


The  generally  slower  reaction  rates  resulting  in  the  longer  lasing  zone  would 
also  result  in  less  gain.  Again,  the  data  are  consistent.  As  noted  above, 
fewer  lasing  lines  reached  thi’eshold  (lower  gain)  and,  furthermore,  the  line 
intensity  peaked  at  lower  J value  (lower  temperature).  Another  factor  in  the 
longer  lasing  zone  may  be  the  lack  of  DF  with  the  concomitant  reduction  „f  deacti- 


vation effects 


With  this  background,  a qualitative  performance  comparison  can  be  made.  An  esti- 
mate of  power  available  can  be  made  in  a similar  fashion  to  that  for  the  D2/F2/He 
baseline  data.  Assume  1.5  mode  volumes  across  the  nozzle  and  from  the  nearly  con- 
stant outcoupled  power  as  a function  of  downstream  position,  3 mode  volumes  at 
9 watts  downstream,  plus  at  least  one  more  with  half  this  power.  This  gives  an 
integrated  outcoupled  power  of  47  watts  which  gives  a power  available  greater 
than  142  watts  (equivalent  closed  cavity  power).  For  the  total  flow  of  1.27  gm/sec. 


this  yields  a projected  specific  energy  available  greater  than  50  kJ/lb.  In  view 
of  the  fact  that  the  lasing  zone  may  be  considerably  longer  than  assumed  and  that 
the  nozzle  configuration,  specifically  designed  for  the  baseline  flow,  is  far  from 
optimum  for  the  C^Fg/F^He  flow,  the  results  are  quite  encouraging  and  strongly 
suggests  that  with  optimum  nozzles,  laser  performance  with  the  DF-free  combination 
may  not  only  match  but  could  exceed  that  of  the  baseline  case  on  power  available 
and  even  on  specific  power. 

N2  Diluent  Evaluation.  Two  experiments  were  run  to  obtain  a preliminary  evalua- 
tion of  the  use  of  in  place  of  He  for  diluent.  In  this  experiment,  N2  was 
simply  substituted  for  the  He  and  some  adjustments  made  in  flow  conditions  to 
account,  at  least  in  part,  for  different  properties  of  N2  as  a diluent  to  replace 
He.  Prior  to  these  experiments,  it  had  been  anticipated  that  performance  would 
be  substantially  reduced  so  power  outcoupled  was  measured  only  at  = 0.22  inch. 
(Because  of  the  expected  lower  performance  power  scan,  data  were  not  taken  end 
the  program  ended  before  the  taking  of  additional  data  could  be  considered.)  Flow 
conditions  are  shown  in  Table  XXVIII  and  spectral  data  are  shown  in  Table  XXXIX, 

The  resonator  configuration  used  for  the  D2/F2^N2  exPeriment  was  the  same  as  for 
the  D2/F2/He  experiment,  and  that  for  the  C4Fg/F2/N2  the  same  as  for  C4Fg/F2/He. 
Surprisingly,  the  actual  power  outcoupled  for  both  the  baseline  reactant 
H2/F2/He  -*■  N2  and  the  DF-free  C4Fg/F2/He  N2  cases  was  only  reduced  about  28 
percent.  In  the  baseline  case  (H2/F2) , the  total  mass  flow  was  also  reduced 
about  the  same  amount,  so  that  specific  power  was  reduced  even  less.  Also,  the 
spectral  content  was  quite  similar  in  both  cases  though  fewer  lines  lased  with 
N2  diluent  and  intensity  peaked  at  somewhat  lower  J values.  For  the  C4Fg/F2 
case,  where  the  power  outcoupled  was  reduced,  total  flowrate  was  greater  so  that 
specific,  power  would  be  reduced  further. 


Based  on  these  results,  it  is  concluded  that  the  assumption  that  replacing  He 
with  N2  will  necessarily  reduce  performance  is  incorrect.  With  nozzles  designed 
specifically  for  N2  diluent,  increased  performance  over  what  was  found  in  these 
experiments  would  be  expected,  in  which  case  operation  with  N2  diluents  would 
provide  comparable  performance  to  He  dilution  on  power  available  and,  possibly, 
on  specific  power  as  well. 


NF3  Evaluation.  NF^  as  a replacement  oxidizer  for  F^  was  evaluated  with  C^Fg  as 
the  fuel  with  He  diluent.  This  gives  an  all-advanced  reactant  (not  counting  the 
diluent)  precombustor.  The  resonator  utilized  was  the  same  as  in  the  C.FQ/F_/He 
experiments.  Flow  conditions  are  given  in  Table  XXXVIII  and  spectral  data  in  Table 


XXXIX. 


Two  flow  conditions  were  run  with  NF^  and  C^Fg.  In  the  first,  the  power 


outcoupled  at  C = 0.22  inch  i*  the  same  as  the  C.F0/F„/He  baseline  case.  In  the 
second  case,  with  diluent  reduced,  outcoupled  power  was  reduced.  These  results 
indicate  that  NF^  can  be  substituted  for  F^  in  conjunction  with  C^Fg  and  He  with 
no  loss  in  performance. 

Another  experiment  was  run  in  an  attempt  to  simulate  NFg  by  using  and  N2>  To 
truly  simulate  NF^  with  no  hardware  change  would  require  thermal  conditioning  of 
the  reactants  prior  to  injection  into  the  combustor.  This  was  beyond  the  scope 
of  this  effort  so  simulation  was  approximated  by  adding  diluent  to  account  for 
the  higher  energy  release  in  the  reaction  of  F2  with  C^Fg  compared  to  NF^  with 
C^Fg . Thus,  3 for  the  simulation  experiment  is  larger  than  for  the  actual  case. 
Power  outcoupled  at  Cx  = 0.22  inch  was  redu  .ed  in  comparison  to  the  actual  (non- 
simulation) runs.  This  simulation  run  indicates  both  the  problems  associated 
with  simulation  of  NF^  and  suggests  that  becaus*  the  power  reduction  was  not  pro- 
hibitive, with  proper  reactant  preconditioners,  NF7  can  be  simulated  with  F2  and 
N?  to  provide  reasonably  reliable  data.  With  the  relatively  high  current  cost  of 
NF^  compared  to  F2,  such  simulation  would  be  highly  cost  effective  in  testing 
large  devices. 

Additional  Advanced  Reactant  Laser  Tests 


The  very  last  set  of  small-scale  laser  tests  was  designed  to  evaluate  an  advanced 
fuel  precombustor  and  an  advanced  cavity  fuel  together.  Because  of  mixing  diffi- 
culties attendant  to  the  use  of  high  molecular  weight  cavity  fuels,  it  was  decided 
to  use  another  nozzle  which  had  been  developed  under  company  funds.  This  nozzle, 
described  earlier  in  this  report,  was  designed  to  occupy  essentially  the  same 
volume  as  the  Baseline  30-1X  nozzle,  with  the  cavity  fuel  nozzle  enlarged  by  a 
factor  of  2 to  increase  the  molar  flow.  This  necessitated  a reduction  of  the  F2 
nozzles.  The  same  fluid  dynamic  flow  philosophy  for  nozzle  contouring  was  incorp- 
orated into  the  design. 
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M?.^.^ne.  Tes^s ■ Three  checkout  baseline  tests  were  conducted  utilizing  D /F  /He 
and  this  high  molecular  weight  nozzle. 

The  baseline  D^/He  operating  point  with  the  standard  Baseline  30-1X  nozzle 
array  used  in  previous  experiments  (Table  XI)  had  a nominal  combustor  reactant 
flow  of  0.0362  mole.  To  provide  the  desired  nozzle  exit  pressure  for  the  high 
molecular  weight  nozzle,  0.0261  mole  of  combustor  reactants  are  required,  result- 
ing in  a 28-percent  reduction  in  available  energy.  Total  heat  loss  for  this  new 
baseline  system  has  very  little  difference  from  the  higher  flow  system  and,  as  a 
result,  significantly  lower  nozzle  entrance  temperatures  are  acquired.  To  com- 
pensate for  this  difference,  a 6 « 4 T*  = 1212  K was  determined  to  be  optimum  for 
this  system.  Outcoupled  power  of  15  watts  was  measured  at  this  maximum  power 
operating  condition,  with  the  resonator  used  in  the  previous  tests,  at  C = 0.22 
inch.  This  compares  well  with  the  Baseline  30- IX  nozzle  where  23  watts  was  out- 
coupled  for  1.52  times  as  much  total  flow. 

An  experiment  with  N2  showed  some  performance  reduction.  However,  when  compared 
x.o  the  second  D2/F2/He  run  data  to  which  the  N2  run.  data  more  closely  compares, 
the  reduction  is  much  the  same,  as  noted  in  the  Baseline  30- IX  tests  with  N2> 

HBr  Evaluation  Experiments.  To  obtain  additional  data  on  HBr  as  a cavity  fuel,  " 
two  additional  tests  were  run.  In  the  first  test,  HBr  was  re-evaluated  following 
baselin  evaluation  of  the  D2/F2/He  combustor  system  with  the  new  nozzle  as  de- 
scribed above.  A substantially  greater  diluent  ratio  was  required  for  this  oper- 
ation. Combustor  reactant  flows  were  varied  to  lower  the  exit  pressure  and  in- 
crease the  temperature  by  lowering  of  the  overall  mixture  ratio.  A peak  outcoupled 
power  measurement  of  1 watt  was  obtained  when  the  baseline  operating  point  was 
varied  to  the  condition  shown  in  Table  XL.  . The  HBr  utilized  in  this  experiment 
was  a new  supply  received  from  Matheson  Gas  Products  with  a certification  of  com- 
pliance to  the  quoted  specification  of  minimum  purity  of  99.8  percent.  A heated, 
dry  GN2  purge  was  applied  to  the  HBr  supply  system  prior  to  HBr  flow  initiation. 
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A demonstration  test  utilizing  HBr  cavity  fuel  was  also  run  in  combination  with  a 
DF-free  precombustor  reactant  system.  With  the  constraint  of  a higher  heat  loss 
percentage  with  the  high  molecular  weight  nozzle,  a DF-free  combustor  experiment 
in  combination  with  HBr  could  be  evaluated  only  using  combustor  reac- 

tants and  the  high  molecular  weight  nozzle.  (The  higher  heat  loss  pre-empted  the 
use  of  C4Fg  with  NF3.)  These  test  data  are  tabulated  in  TABLE  XL  at  two  oper- 
ating conditions,  and  1.35  watts  of  outcoupled  power  was  recorded  at  the  maximum 
power  point.  As  occurred  in  all  N2  diluent  tests,  a low  diluent  ratio  was  re- 
quired. The  C4Fg/F2  mixture  ratio  was  nominal,  and  the  necessary  low  chamber 
pressure  was  obtained  to  provide  the  maximum  power. 


As  a consequence  of  these  experiments,  a definite  conclusion  on  the  viability  of 
HBr  as  an  alternate  to  H2  as  a cavity  fuel  based  on  all  of  the  results  of  experi- 
ments with  HBr  on  this  program  is  impossible.  The  very  early  data  showing  promise 
were  not  corroborated  in  later  experiments.  Results  of  other  workers  (Ref.  47), 
however,  does  indicate  that  HBr  gives  reasonable  performance  compared  to  H2.  It 
is  not  clear  at  this  point  whether  the  late”  data  in  this  program  showing  poorer 
results  with  HBr  are  due  to  the  hardware  utilized,  and  the  original  data  are  sus- 
pect, or  a continuing  problem  with  water  contamination  even  though  attempts  were 
made  to  eliminate  this  possibility. 


Split  Diluent  Evaluation.  Because  of  the  mixing  problem  associated  with  HBr, 
splitting  the  diluent  between  the  combustor  and  the  cavity  fuel  flow  was  consid- 
ered as  a means  to  improve  mixing.  As  a baseline  experiment,  a test  was  run  with 
an  approximate  50/50  diluent  split  using  the  baseline  D2/F2/He  precombustor  with 
H2  cavity  fuel.  The  high  molecular  weight  nozzle  was  appropriate  for  this  because 
the  larger  cavity  fuel  nozzle  throat  dimension  accommodates  the  increased  flow. 
Test  results  are  shown  in  Table  XL  for  this  experiment.  The  outcoupled  power 
of  9 watts  at  Cx  = 0.22  inch  indicate  no  improvement  but,  rather,  performance  re- 
duction for  this  one  experiment.  The  program  ended  before  this  could  be  explored 
further  with  the  baseline  case  or  for  the  HBr  case. 
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Hydrocarbon  Simulation  Experiments.  At  the  very  end  of  the  program,  a series  of 
experiments  was  attempted  to  evaluate  hydrocarbon  precombustor  fuels  through  simu- 
lation by  using  the  DF-free  reactant  combination,  C4Fg/NF3,  and  seeding  the  C^Fg 
with  D2  to  generate  DF  in  amounts  equivalent  to  those  that  would  be  generated  with 
hydrocarbon  fuels. 

The  baseline  test  case  (no  DF)  did  not  achieve  the  required  temperature  for  fluor- 
ine dissociation  due  to  the  high  heat  loss  compared  with  the  decreased  energy  from 
NF3  as  noted  earlier.  Tests  of  this  nature,  which  would  h^ve  to  be  conducted  with 
the  Baseline  30-1X  nozzle,  could  not  be  carried  out  because  of  time  limitations. 

Summary  and  Conclusions  (Phase  II) 


1 


m 


m 


It  was  the  overall  objective  of  this  effort  to  find  and  evaluate  advanced  reactants 
for  the  HF/DF  chemical  laser.  Many  advanced  fuels  for  the  chemical  HF/DF  laser 
were  tested  in  a small-scale  CW  HF  chemical  laser  pursuant  to  the  overall  objec- 
tive of  the  program.  Because  fluid  dynamics  plays  an  important  role  in  determin- 
ing laser  performance,  because  the  fluid  properties  of  the  various  reactants  (and 
their  reaction  products)  are  substantially  different  from  one  reactant  to  another, 
and  because  virtually  all  testing  could  be  done  with  only  one  set  of  hardware,  de- 
signed specifically  for  the  baseline  reaction  Sc*-  wit^  H2  cavi*y  fuel,  it 

was  recognized  from  the  outset  that  direct,  quantitative  results  and  comparisons 
would  not  always  be  possible.  Nonetheless,  several  reactant  types  and  several  spe- 
cific reactants  were  identified  and  evaluated  in  quantitative  or  semi-quantitative 
fashion  so  that  several  conclusions  can  be  made.  Also,  as  befitting  an  exploratory- 
type  program,  surprises  and  additional  questions  emerged  which  suggest  areas  where 
further  work  would  be  beneficial. 


m 


m 

I 


Advanced  Cavity  Fuels.  There  are  three  basic  technical  issues  regarding  alternate 
cavity  fuels:  (1)  pumping  rates,  (2)  degradation  in  mixing,  and  (3)  deactivation 

rates.  The  results  show  that  there  are  many  cavity  fuels  that  react  with  F-atoms 
sufficiently  fast  to  produce  sufficient  gain  for  lasing.  These  include  the  hydro- 
gen halides  and  simple  aliphatic  hydrocarbons.  There  is  evidence  that  other  simple 
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hydrocarbons,  i.e.,  the  freons,  do  not  react  sufficiently  fast  to  produce  gain. 
One  example  of  a eye lie -compound  suggests  that  such  compounds  may  provide  less 
gain  than  "heir  aliphatic  equivalent.  Relative  performance  can  be  predicted  on 
the  basis  of  the  rate  of  pumping  compared  to  the  rate  at  which  the  same  H atom 
donor  deactivates  HF.  Mixing  characteristics  play  an  important  role  in  this  ef- 
fort as  the  results  indicate  that  with  poor  mixing,  the  higher  the  deactivation 
rate,  the  poorer  the  performance.  Another  class  of  compounds  such  as  dimethyl- 
ether  may  not  produce  sufficient  gain  in  poor  mixing  circumstances  because  of 
high  deactivation  rates. 


A specific  candidate  alternate  fuel,  HBr,  which  is  thought  to  hold  promise,  gave 
</aried  results.  It  yielded  the  best  results  of  the  cavity  fuels  evaluated,  but 
its  performance  relative  to  H2  is  still  in  question. 


Some  alternate,  storable,  cavity  fuels,  in  general,  can  be  expected  to  provide 
good  performance  if  advanced  nozzle  concepts  that  sufficiently  reduce  the  mixing 
problems  can  be  devised.  An  important  issue  in  ultimate  performance  achievable 
by  simple  hydrocarbons  is  the  question  of  how  many  H atoms  can  be  utilized  per 
molecule. 

Advanced  Precombustor  Reactants.  The  demonstration  of  lasing  with  the  combina- 
tions C4Fg/F2/He  and  C4Fg/NF3/He  shows  that  there  are  alternate  oxidizer/fuel  com- 
binations more  readily  stored  than  F2  and  H2  that  will  generate  F-atoms  via  com- 
bustion sufficient  to  produce  lasing.  Semi-quantitative  assessment  of  C4Fg/F2/He 
suggests  good  performance  potential.  Substitution  of  N2  for  He  appears  quite 
feasible  based  on  data  obtained  in  this  program,  despite  initial  concern  that  per- 
formance would  be  severely  reduced. 

To  fully  realize  the  potential  of  advanced  precombustor  reactants  and  the  poten- 
tial of  N2  as  a diluent,  additional  studies  are  needed  and  specifically  designed 
hardware  may  be  required.  The  question  of  the  quantitative  effect  of  DF  as  a de- 
activator did  not  get  answered.  Further  work  should  be  done  in  this  area. 
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Other  Issues.  Evidence  was  obtained  regarding  the  importance  of  the  boundary 
layer  on  initiating  the  pumping  reaction  and  the  effect  this  can  have  on  the 
length  of  the  lasing  zone.  This  should  be  studied  further. 


An  issue  that  may  have  great  importance  in  the  ultimate  application  of  advanced 
reactants  is  that  of  the  effect  on  optimum  outcoupling  optics  of  substantial 
changes  in  deactivation  characteristics  and  achievable  small  signal  gains.  This 
issue  was  raised  when  apparently  identical,  though  based  on  results  obtained, 
clearly  different  outcoupling  optics  gave  substantially  different  results.  A 
tentative  explanation  that  this  was  caused  by  the  interaction  of  the  outcoupling 
optics  with  gain  media  possibly  having  different  characteristics  needs  further 
work  for  clarification. 
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PHASE  III:  KINETIC  MEASUREMENTS  - GLOBAL  PUMPING  RATES 


Experiments  were  conducted  under  this  phase  of  the  program  to  measure  the  global 
(overall)  rates  of  selected  pumping  reactions.  The  six  reactions  investigated 
were  the  reactions  of  F-atoms  with  H2,  HBr,  CF^H,  CH^,  C^Hg,  and  HI,  respectively, 
to  form  HF.  The  rates  of  these  hydrogen  abstraction  reactions  were  measured  in  a 
fast- flow  EPR  reactor. 

The  global  rate  constant  for  hydrogen  abstraction  from  a fuel  molecule  determines 
if  the  given  pumping  reaction  is  fast  enough  to  compete  with  the  deactivation 
processes.  The  use  of  an  EPR  spectrometer  coupled  with  a fast-flow  reactor  ap- 
pears to  be  the  best  means  for  measuring  the  rates  of  fast  atom-molecule  reac- 
tions. As  a diagnostic  tool  the  EPR  technique  provides: 

1.  A direct,  definitive  identification  of  atomic  species  including 
different  electronic  and,  if  the  paramagnetic  component  is  diatomic, 
vibrational  states 

2.  A determination  of  the  absolute  concentration  from  line  shapes 
(first  moments),  if  necessary 

3.  An  extremely  high  sensitivity  of  about  1010  spins/gauss 

4.  A method  that  involves  no  interference  from  singlet  state 
components 

5.  A measurement  that  does  not  perturb  the  reaction  system 

Moreover,  the  experimental  conditions  closely  resemble  laser  experiments  so  that 
transfer  of  information  is  optimum. 

The  theoretical  background  concerning  the  apparatus  and  experiments  is  discussed 
first.  This  is  followed  by  a description  of  the  fast-flow  EPR  system  and 
presentation  and  analysis  of  the  rate  data  obtained.  A computer  program  has  been 
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written  that  solves  numerically  a set  of  equations  which  describe  the  fast-flow 
reactor  EPR  system  with  rigor.  The  program  was  used  to  obtain  values  for  the 
global  rate  constants  from  the  fast-flow  reactor  data. 


THEORETICAL  ANALYSIS 


The  method  of  determination  of  chemical  reaction  rates  by  the  use  of  a fast-flow 
reactor  will  be  described.  Equations  that  define  the  rate  of  a chemical  reac- 
tion in  a flow  system  are  presented  and  discussed,  along  with  some  elements  of 
fluid  mechanics  needed  for  a description  of  the  velocity  and  pressure  gradients 
in  the  flow  tube.  This  is  followed  by  an  explanation  of  how  the  EPR  spectrometer 
is  used  to  measure  the  progress  of  the  reaction.  Finally,  computer  programs  for 
the  rigorous  analysis  of  reaction  rate  data  are  described. 


Determination  of  Reaction  Rates 


Kinetic  studies  in  fast-flow  reactors  are  almost  always  analyzed  assuming  that 
gradients  in  both  pressure  and  axial  velocity  are  negligible  and  that  the  species 
concentration  profiles  are  flat  in  the  radial  direction.  For  the  hypothetical 
reaction. 


A + B -►  C + D 


(III-l) 


occurring  in  a fast-flow  reactor  in  which  reactant  B is  present  in  excess. 


d[A] 


dt 


k[A][B] 


Cl II— 2) 


and 


[B]  = IB]0  - [A]0  + [A] 


(III-3) 
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Letting  dt  = dx/v,  substituting  Eq.  III-3  in  III-2,  and  integrating  the  result 
(assuming  v is  not  a function  of  x) , yields  the  equation: 


[a]  [b]0 


(III-4) 


A nomenclature  list  is  given  at  the  end  of  this  repi  rt. 


Values  of  k are  determined  by  measurements  of  [A]  as  a function  of  distance  down 
the  flow  tube,  Ax.  When  k is  large  it  is  necessary  to  increase  v and/or  decrease 
the  initial  reactant  concentrations,  [A]0  and  [B]0,  to  obtain  reasonably  sized 
variations  in  Ax  for  large  changes  in  [A] . 

Because  of  the  very  fast  rates  of  the  reactions  studied  in  the  experiments  re- 
ported heie,  the  fast-flow  reactor  was  designed  to  maximize  v while  operating 
with  a reactant  (F-atom)  concentration  large  enough  to  be  detectable  by  EPR  tech- 
niques. Constraints  on  the  velocity  were  imposed:  (1)  by  the  necessity  to  op- 

erate at  a pressure  of  no  more  than  a few  torr  to  avoid  pressure  broadening  of  the 
EPR  lines  for  F,  (2)  by  the  25-mm  OD  maximum  tube  size  that  could  be  accommodated 
by  the  EPR  cavity,  and  (3)  by  the  distance  between  the  downstream  sonic  choke 
point  and  the  region  of  the  reactor  over  which  kinetic  measurements  were  to  be  made. 


The  necessity  of  operating  the  fast-flow  reactor  at  low  pressures  and  high  flow 
velocities  resulted  in  moderate  variations  of  pressure  and  velocity  with  axial 
distance  through  the  reactor.  In  addition,  laminar  flow  in  the  reactor  coupled 
with  high  reaction  rates  will  result  in  radial  concentration  gradients  in  spite  of 
the  increased  diffusional  rates  at  low  pressures.  All  of  these  conditions  tend 
to  undermine  the  assumptions  used  in  deriving  Eq.  III-4  and,  hence,  reduce  the 
confidence  in  values  of  k determined  through  its  use.  Therefore,  more  rigorous 
methods  of  obtaining  rate  constants  from  fast-flow  reactor  data  have  been  ap- 
plied to  the  present  study.  These  will  be  described  in  a later  section. 


The  relationships  between  pressure,  Reynolds  Number,  friction  factor,  and  velocity 
as  a function  of  distance  are  important  to  the  apparatus  design  and  the  analysis 
of  the  experimental  data.  These  relationships  are  discussed  in  the  next  section. 
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Discussion  of  Fluid  Mechanics 


For  a fast-flow  tube  being  operated  at  a pressure  of  a few  torr  to  reduce  the 
reaction  rate,  the  Reynold's  Number  (Dvp/y)  is  usually  less  than  100,  indicating 
that  the  flow  is  laminar.  The  friction  factor,  f,  for  laminar  pipe  flow  is  given 
by  the  expression: 

f = 16/Re  C I I I - 5) 


The  effect  of  wall  drag  on  compressible  gas  flow  conditions  in  a tube  cam  be  ob- 
tained from  Shapiro  (Ref.  25i  ).  An  equation  relating  Mach  Number,  M,  to  the 

friction  factor,  tube  diameter  and  length,  and  Lmax  from  the  point  of  measurement 
to  the  point  where  M = 1 (the  sonic  choke  point)  is: 


4f 


L 

max 

D 


1-M2  + 
yM2 


£n 


(Y  + 1)  M2 

2(l  + M2^ 


(III-6) 


for  insentropic  flow.  This  equation  has  been  found  to  fit  experimental  v,  p data 
rather  well.  The  axial  velocity  as  a function  of  distance  to  the  sonic  choke 
point,  Lmax»  computed  for  the  fast-flow  reactor  for  a typical  mass  flowrate  using 
Eq.  III-6,  is  shown  in  Fig.  193  together  with  the  measured  velocities  at  three 
points  along  the  tube.  The  near  exact  agreement  between  the  computed  curve  and 
the  three  data  points  is  due  to  a minor  adjustment  (5  percent)  in  the  gas  vis- 
cosity. Once  this  adjustment  has  been  determined,  Eq.  II 1-5  and  III-6  can  be  used 
to  relate  v and  p to  the  distance  x for  use  in  numerical  solutions  of  the  appro- 
priate rate  equations  for  a more  accurate  determination  of  k.  Differences  in  v 
versus  L,nax  predicted  by  Eq.  III-6  and  the  following  expression: 


L 

ac  roa* 

4f  “5  * 

for  isothermal  flow, 
in  this  study. 


+ 2,n  (yM2)  (III-7) 

w 

are  insignificant  in  the  low  Mach  Number  region  of  interest 
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According  to  Eq.  II 1—4 , it  is  desirable  to  use  a high  gas  velocity  when  measuring 
a large  rate  constant  since  this  serves  to  increase  the  distance,  Ax,  needed  to 
produce  a specified  change  in  reactant  concentration.  There  are  constraints, 
however,  on  the  gas  velocity  that  can  be  used.  From  Fig.  193  it  is  clear  that, 
for  a total  flowrato  of  10,320  cc/min  stp,  the  axial  velocity  gradients  become 
vei’y  steep  in  a 22-mm  ID  tube  at  a Mach  Number  of  0.2.  Small  errors  in  Ax  or  in 
the  pressure  measurements  could  lead  to  large  errors  in  k.  An  increase  in  flow 
tube  diameter  would  lead  to  a lower  velocity  gradient,  but  the  EPR  cavity  can  ac- 
commodate only  a 25-mm  OD  tube.  An  increase  in  total  pressure  in  the  fast  flow 
tube  would  increase  the  Reynolds  number,  decrease  f and,  hence,  also  reduce  the 
axial  velocity  gradient.  Increased  pressure,  however,  would  broaden  the  EPR  lines 
for  F and  result  in  a reduction  in  the  sensitivity  of  F concentration  measurements. 

Another  constraint  on  the  velocity  used  in  a fast-flow  reactor  is  a consequence 
of  the  laminar  flow  condition.  Laminar  flow  in  a round  tube  produces  a parabolic 
velocity  profile  given  by  the  equation: 


where  vQ  is  the  velocity  at  the  center  of  a tube  of  radius  r0  and  v is  the  veloc- 
ity at  a distance  r from  the  center.  The  average  velocity  of  the  gas  is  equal 
to  v0/2. 

A rigorous  description  of  the  fast-flow  reactor  will  be  developed  after  the 
theoretical  considerations  involved  in  the  measurement  of  F-atom  concentrations 
in  the  EPR  spectrometer  are  discussed. 

EPR  Measurements 


The  EPR  spectrometer  measures  the  average  of  the  reactant  concentration  over  a 

| finite  length  of  the  flow  tube.  Exactly  how  this  average  is  taken  over  the  length 

; 

{ of  flow  tube  monitored  by  the  EPR  cavity  is  determined  by  the  coupling  of  the 

i 
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cavity  signal  distribution  function,  s(x),  and  a function  relating  the  change  of 
reactant  concentration  to  the  axial  distance  along  the  flow  tube,  g [A] . The  EPR 
response,  S(x),  resulting  from  this  coupling  is  given  by  the  expression: 


x + i 

r O 


S(x)  “ J g[A]s(x)dx  (II 1-9) 

x0-l 

which  links  S(x)  to  a distance  x taken  between  any  axial  point  within  the  EPR 
cavity  (from  x0  -H  to  x0  +£)  to  the  point  in  the  flow  tube  where  the  reaction  was 
initiated.  The  function  g(A]  can  be  determined  from  the  rate  equations  written 


for  the  fast- flow  reactor. 


For  the  simple  case  of  a first-order  reaction  and  a velocity  which  is  independent 
of  x,  the  rate  constant  can  be  determined  from  the  slope  of  a plot  of  the  natural 
log  of  the  EPR  signal  of  the  monitored  reactant  versus  the  relative  distance  of 
the  point  at  which  the  reaction  was  initiated.  This  can  be  shown  as  follows: 


The  cavity  signal  distribution  function  fitted  to  the  experimental  data  is: 


s(x)  = cos2  (x0-x)j  + B sxn2  (x0-x)J 


(III-10) 


and  the  reactant  concentration  function  for  a first-order  reaction  is: 


g[Al  . C0e-k'x/v 


cm-n) 


Substituting  Eq.  I II - 10  and  III-ll  into  Eq.  III-9  yields  the  following  expression 
for  the  EPR  response: 


xn  + l 


0 r i r Ti 

S(x)  * J c0e-fc'x/v  |cos2  ijr  (x0-x)  + B sin2  j (xD-x)  [ 

x0-J l L J L J) 


dx  (III- 12) 
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Letting  x-x0  = y,  so  that  dx  = dy  and  the  limits  x0  + i and  x0-  l become  & and 
-&,  the  following  expression  results: 


S(x)  * C0e 


1 -k*y 

f^e  v (cos2  ^ + B sin2  dy 


(III- 13) 


The  term  e-^  /vx0  has  been  removed  from  the  integral  sign  since  it  is  not  a func- 
tion of  y but  is  fixed  for  a particular  measurement.  As  the  distance  x0  is 
varied  by  moving  the  injector  probe  in  the  fast-flow  reactor,  the  integral  will 
remain  constant.  Thus,  the  slope  of  a plot  of  Jin  S(x)  versus  x0  will  yield  k'/v. 
When  v varies  with  x,  e'^^o^v  cannot  be  removed  from  the  integral  and  the  evalua- 
tion of  k'  requires  knowledge  of  the  signal  distribution  function  and  a numerical 
integration  of  Eq.  III-9.  This  integration  was  carried  out  to  obtain  the  global 
rate  constants  reported  from  this  study.  The  determination  of  the  signal  distri- 
bution function  is  described  in  the  experimental  section. 


Rigorous  Description  of  Fast-Flow  Reactor 

It  is  apparent  from  Fig.  III-l  that  the  assumption  of  constant  velocity  employed 
in  the  derivation  of  Equation  III-4  is  not  valid  and  a more  rigorous  mathematical 
approach  must  be  employed  if  accurate  rate  constants  are  to  be  obtained  from  the 
experimental  results.  In  addition,  axial  and  radial  concentration  gradients  must 
be  considered  as  well  as  ths.  EPR  cavity  signal  distribution  function. 

The  general  equation  and  boundary  conditions  which  rigorously  describe  the  con- 
centration of  the  ith  species  in  the  fast-flow  reactor  are: 


32ci  j 

3r2  r 


- k Ui  Cj  = 0 


(III-14) 


II  o 


/ 3C.\ 

& 1 \lT/='kwCi 


at  r = r0  (at  the  wall) 


= 0 at  r = 0 


(III-15) 


Boundary  Conditions 


(I 11-16) 


Other  equations  are  required  to  describe  the  change  in  velocity  and  pressure  with 
axial  distance  x before  Eq.  Ill- 14  can  be  solved.  These  remaining  expressions 
are  the  continuity  equation: 


3 (pAv) 


(III-17) 


and  the  Poiseuille  flow  equation: 


_2  _2  16  \i  R T N L 

p2  " P1  “ 4 


(III — 18) 


where  L is  the  distance  between  points  1 and  2,  N is  the  total  molar  flowrate, 
and  R is  the  gas  constant. 


Computer  programs  have  been  developed  to  solve  the  rigorous  Eq.  III-14  through 
I I I- 1 8 for  the  fast-flow  reactor.  These  computer  programs  additionally  take 
into  account  the  EPR  cavity  signal  distribution  function  to  determine  the  point 
along  the  cavity  axis  where  the  reactant  concentration  matches  the  concentration 
measured  by  the  EPR  spectrometer.  A brief  description  of  the  numerical  proce- 
dures used  in  these  computer  programs  is  given  in  Appendix  C. 


The  numerical  solution  of  the  complete  set  of  equations  describing  the  chemical 
reaction  in  the  fast-flow  reactor  can  be  substantially  simplified  if  the  axial 
diffusion  term,^P(32Cj/3x^) , in  Eq.  Ill- 14  can  be  neglected.  Ordinarily,  axial 
diffusion  is  quite  small  when  compared  with  the  bulk  flow  in  the  axial  direction. 
However,  at  low  pressures  where  x^is  large  and  near  the  tube  wall  where  the 
velocity  is  small,  the  axial  diffusion  may  not  be  negligible.  To  check  out  the 
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possible  importance  of  axial  diffusion,  numerical  solutions  were  obtained 
(Appendix  III-A)  for  Eq.  Ill- 14  with  and  without  the  axial  diffusion  term  and  a 
comparison  of  species  mole  fraction  profiles  was  made  for  one  typical  case  in- 
volving the  reaction  H2  + F— ►HF  + H.  Computed  radial  profiles  for  the  mole 
fraction  of  H and  F at  a distance  of  25  cm  from  the  mixing  point  are  presented  — . - 

in  Table  XLI.  The  few  percent  discrepancy  in  mole  fraction  values  obtained 
from  the  solutions  with  and  without  axial  diffusion  (the  first  two  sets  of  col- 
umns) is,  in  part,  attributable  to  a difference  in  the  reactant  molar  flux  rates 
at  the  mixing  point.  Both  solutions  were  obtained  using  the  same  initial  values 
of  species  volumetric  flowrates,  Avfi,  in  the  axial  direction,  whereas  the  solu- 
tions should  have  been  obtained  using  identical  initial  values  of  the  species 
volumetric  flux  rate;  for  the  nonaxial  diffusion  case,  this  flux  is  Avfi,  while, 
for  the  axial  diffusion  case,  it  is  A(vfi  -^?3fi/3x).  The  solution  of  the  non- 
axial diffusion  case  was  determined  using  appropriately  altered  species  feed  rates 
(based  on  the  solution  of  the  axial  diffusion  case  to  determine/^  (3  fj/3x)  at  the 
mixing  point).  Radial  profiles  from  this  latter  solution,  presented  in  the  third 
set  of  columns  in  Table  XLI,  are  in  better  agreement  with  those  given  for  the 
problem  with  axial  diffusion.  From  the  results  presented  in  Table  XLI,  it 

» / 

would  appear  that  for  these  fast-flow  experiments  the  axial  diffusion  term  in 
Eq.  III-14  can  be  neglected. 

EXPERIMENTAL 

Apparatus 

The  fast-flow  apparatus  used  to  determine  the  reaction  rate  of  F-atoms  with  vari- 
ous gases  consists  of  a quartz  flow  tube  in  Which  the  reaction  takes  place,  an 
EPR  spectrometer  to  monitor  the  concentration  of  the  reactants,  an  injector  sys- 
tem to  introduce  one  of  the  reactants  into  the  flow  tube,  a microwave  discharge, 
a flow  control  system,  and  two  vacuum  pumps,  A schematic  of  i apparatus  is 
shown  in  Fig,  194,  (Design  considerations  for  the  flow  tube  were  presented  in 
the  Theoretical  Analysis  discussion.)  The  apparatus  is  similar  in  design  to  that 
employed  by  Westenberg  and  deHaas  (Ref.  26). 
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The  portion  of  the  fast-flow  reactor  where  measurements  are  taken  was  constructed 
of  22-mm  ID  quartz  tubing  that  had  been  washed  in  an  HP  solution.  Pressure  taps 
were  placed  at  three  points  along  the  length  of  the  flow  tube:  directly  in  front 

of  the  EPR  cavity,  and  at  distances  of  25.5  and  85.5  cm  upstream  from  this  tap. 
Under  experimental  conditions,  the  flow  will  produce  a sonic  choke  at  the  point 
where  the  22-mm  ID  quartz  tube  enters  a 4-inch-diameter  vacuum  line.  The  flowrate 
and  pressure  at  any  point  upstream  from  the  sonic  choke  can  be  computed  from  a 
known  feed  rate  to  the  tube  or  from  a measurement  of  the  pressure  at  any  of  the 
three  locations  down  the  flow  tube.  Pressure  measurements  were  made  to  the 
nearest  0.001  torr  with  an  MKS  Baratron  pressure  meter.  The  reference  vacuum  for 
the  Baratron  was  maintained  with  a Varian  vac-ion  pump. 


Fluorine  atoms  for  the  kinetic  study  were  produced  by  passing  a mixture  of  helium 
and  either  ?2  or  CF4  through  a microwave  discharge  formed  in  an  alumina  tube. 

The  F-atom  stream  enters  the  main  flow  tube  through  a side  arm  located  about 
100  cm  upstream  from  the  center  of  the  EPR  cavity,  A mixture  of  the  second  re- 
actant with  helium  is  passed  through  an  injector  tube  and  enters  the  flow  tube 
via  a number  of  small  holes  at  the  tip  of  the  4-mm  0D  injector  tube.  The  holes 
at  the  injector  tip  are  set  so  as  to  direct  the  reactant  flow  radially  into  the 
flow  tube,  i.e.,  perpendicular  to  the  flow  of  helium/F-atom  stream,  for  rapid 
mixing.  Three  legs  affixed  to  the  injector  serve  to  position  the  injector  tube 
tip  at  the  center  of  the  flow  tube.  The  injector  tube  enters  the  flow  tube 
through  a pressure  tight  packing  gland  which  permits  axial  movement  of  the  in- 
jector. By  manual  positioning  of  the  injector  tip  along  the  flow  tube,  the 
distance  (and,  hence  reaction  time)  from  the  initiation  of  the  chemical  reaction 
to  the  EPR  cavitv  can  be  varied. 


All  of  the  gases  used  were  metered  with  Browne  flowmeters.  With  the  exception 
of  ?2,  all  flowmeters  were  calibrated  with  the  gas  itself.  For  F2,  the  calibra- 
tion was  determined  using  O2  and  the  flowrate  was  corrected  for  density  and 
viscosity  differences  between  O2  and  F2.  Before  entering  the  flowmeter,  the  gas 
was  passed  through  a bed  of  NaF.  to  remove  HF.  In  spite  of  this  precaution,  the 
glass  flowmeter  would  undergo  a slow  chemical  attack  and  require  frequent 
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cleaning  and  recalibration.  After  the  response  of  the  EPR  spectrometer  to  the 
F line  at  5211  gauss  was  established,  the  F-atom  concentration  could  be  easily 
measured  by  the  peak-to-peak  amplitude  of  the  strong  EPR  line,  and  the  flowmeter 
was  used  less  frequently. 

A Carle  valve  located  on  the  gas  flow  control  panel  can  be  positioned  to  send 
either  helium  or  the  reactant  into  either  the  injectortube  or  a "bypass”  line 
which  enters  the  fast  flow  system  downstream  of  the  EPR  cavity.  The  valve  pro- 
vides a convenient  way  of  stopping  the  chemical  reaction  periodically  during  an 
experiment  to  check  the  F concentration  without  altering  the  flowrate  of  the 
other  reactant.  The  helium  flow  substituted  for  the  reactant  when  the  Carle 
valve  is  switched,  serves  to  maintain  a constant  pressure  in  the  flow  tube. 

The  mass  flowrates  employed  in  this  study  were  easily  handled  by  a Roots  blower 
and  a Kinney  KDH-130  high  vacuum  pump  connected  in  series.  The  pressure  within 
the  4-inch  OD  vacuum  line  was  typically  less  than  0.01  torr  at  about  20  cm  down- 
stream of  the  choke  point. 

The  EPR  detection  system  was  a standard  Varian  E-9  EPR  spectrometer,  equipped 
with  a 9-inch  magnet  and  a wide  access  TEqin  cavity.  The  cavity  is  able  to  ac- 
commodate a tube  of  25-mm  OD.  The  best  cavity  Q-factor  was  obtained  when  the 
microwave  frequency  was  about  8.846  GHz.  This  corresponds  to  a value  of  N = 2 
for  the  EPR  cavity.  The  magnetic  field  range  that  could  be  studied  was  0 to 
9.6  KG.  At  5 KG,  the  resolution  over  the  sample  volume  was  about  0.25  G. 

EPR  Spectra  of  Fluorine  Atoms 

The  EPR  spectrum  of  fluorine  in  the  ^z/2  ground  state  exhibits  an  extremely  large 
hyperfine  interaction.  As  a result,  the  usual  high  field  approximation  for  calcu- 
lation of  the  EPR  spectrum  is  not  valid,  and  it  is  not  possible  to  separate  the 
wave  functions  which  describe  the  electron  spin  and  orbital  angular  momentum  from 
the  nuclear  spin.  Experimental  and  theoretical  analyses  (Ref*  27,  28,  and 
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29)  show  that  the  ground  state  exhibits  six  intense  lines  and  two  weak  lines. 
The  weak  lines  are  due  to  forbidden  transitions.  Of  the  six  intense  lines,  two 
have  about  30  percent  greater  intensity  than  the  other  four.  One  of  the  two  more 
intense  lines  occurs  near  the  spectrum  of  oxygen  atoms  while  the  line  that  occurs 
at  the  higher  field  is  away  from  any  common  interference.  The  higher-field  line 
was  therefore  chosen  for  use  in  the  kinetic  measurements  of  fluorine.  This  line 
corresponds  to  the  transition  F = 2,  mf=  0 toF  * 2,  mf=  -1,  and  occurs  at  a 
magnetic  field  of  5211  gauss  at  the  frequency  used  in  these  experiments,  8.846  GHz. 
The  location  of  any  of  the  F lines  can  be  calculated  for  any  frequency  from  the 
relationships  given  by  Valence  et  al.  (Ref.  29). 

The  particular  line  chosen  is  less  sensitive  to  pressure  broadening  than  any  of 
the  other  F lines.  When  kinetic  measurements  were  made,  the  small  variation  in 
line  width  over  the  small  variation  in  pressure  which  was  incurred  in  each  run 
was  found  to  be  insignificant.  In  these  experiments,  sensitivity  is  considerably 
more  important  than  resolution.  As  a result,  the  fluorine  line  was  overmodulated 
under  conditions  of  slight  rf  power  saturation  so  that  the  maximum  signal-to-noise 
ratio  could  be  obtained.  Since  the  line  width  increases  rapidly  with  modulation 
amplitude  at  the  point  where  the  maximum  signal  intensity  is  obtained,  it  was  ad- 
visable to  sacrifice  about  10  percent  of  the  maximum  signal  to  decrease  the  line 
width  by  nearly  a factor  of  2.  This  permits  examination  of  the  line  shape  to  see 
whether  any  gross  effect  occurs.  When  the  floW  tube  was  operated  at  2.2  torr, 
the  modulation  amplitude  and  incident  microwave  power  were  2.0  gauss  and  30  mW; 
at  1.15  torr  the  values  were  1.6  gauss  and  25  mW. 

Titration  and  Calibration  of  the  EPR  Spectrometer 
for  Atomic  Fluorine  Flow 

Gas  titration  experiments  in  the  fast  flow  reactor  were  conducted  by  withdrawing 
the  injector  tube  until  the  tip  was  even  with  the  feed  line  through  which  F 
entered  the  flow  tube.  This  position  allowed  the  maximum  reaction  time  for  the 
gases  before  reaching  the  EPR  cavity.  The  F2  or  CP4  volumetric  flowrate  to  the 
microwave  discharge  would  be  adjusted  to  some  arbitrary  value  and  the  peak-to-peak 


height  of  the  EPR  signal  of  F measured.  As  the  EPR  spectrometer  monitored 
the  F concentration,  metered  amounts  of  the  titrating  gas,  H2  or  HBr,  were  fed 
into  the  fast-flow  reactor  via  the  injector  tube.  The  reaction  was  fast  enough 
so  that  it  could  be  considered  essentially  completed  when  the  gases  passed 
through  the  zone  monitored  by  the  EPR  spectrometer. 


The  results  of  a typical  titration  of  F by  H2  are  plotted  in  Fig.  195.  The 
measured  concentration  of  F-atoms  decreased  linearly  with  H2  flowrate  except  very 
near  the  end  point  of  the  titration.  If  any  appreciable  amount  of  F2  did  not 
dissociate,  the  F2-H2  chain  reaction 


F + H2  = HF  + K 


H + F2  = HF  + F 


+ F2  = 2HF 


(III-19) 

(III-20) 

CIII-21) 


could  occur,  resulting  in  consumption  of  H2  without  a decrease  in  F-atom  concen- 
tration. If  the  rate  of  reaction  III-20  is  sufficiently  fast  and  20  percent  of 
the  F2  did  not  dissociate,  the  broken  linear  titration  curve  in  Fig.  195,  which 
has  a sharp  break  at  2 cc/min  of  H2,  would  have  been  obtained.  If  reactions 
II I- 19  and  111-20  have  rate  constants  of  1 x lO^^  and  2 x 1012  (mole/cc)-*  sec-*, 
respectively,  it  can  be  calculated  that  the  smooth  broken  curve  would  have  been 
obtained  if  20  percent  of  F2  were  not  dissociated. 


The  experimental  curve  in  Fig.  195  intersects  the  y axis  at  1.00  indicating 
that  essentially  complete  dissociation  of  F2  occurred  in  the  microwave  discharge. 
With  CF4,  however,  on  the  order  of  only  10  to  20  percent  was  dissociated  (to  F + 
CF3)  under  these  conditions.  Extrapolation  of  the  linear  portion  of  the  experi- 
mantal  curve  to  the  x axis  gives  the  flowrate  of  F + F2  (in  this  case,  16  cc/min) 
and  from  this,  the  pressure,  and  the  total  flowrate,  the  F-atom  concentration 
can  be  calculated.  Extrapolation  of  the  linear  portion  of  the  curve  to  the  y axis 
gives  the  fraction  F2  ur dissociated  from  the  intercept,  I,  as  follows: 


Fraction  Undissociated 


2d  - 1) 


1 + 2(1  - 1) 


(I I 1-22) 
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Since  the  EPR  line  width  and,  therefore,  the  peak-to-peak  amplitude,  is  a func- 
tion of  the  pressure,  the  standardization  and  calibration  of  the  EPR  signal  had 
to  be  repeated  for  each  total  pressure  at  which  the  fast-flow  reactor  was  oper- 
ated. During  each  kinetic  experiment,  the  pressure  distribution  in  the  reactor 
was  constant  to  within  ±1  percent  so  that  the  EPR  signal  intensity  did  not  de- 
viate by  more  than  ±2  percent  from  the  calibration  factor.  Other  errors,  such 
as  resetting  the  EPR  power,  crystal  bias,  and  modulation  amplitude  also  contri- 
bute at  least  that  much  error. 


Wall  Reactions 


Several  experiments  were  conducted  to  determine  the  amount  of  wall  recombination 
of  atomic  fluorine  occurring  in  the  fast-flow  reactor.  Experiments  were  per- 
formed using  both  F2  and  CF4  as  sources  of  F.  During  these  experiments,  the  flow 
through  the  injector  tube  was  turned  off.  One  measurement  of  F concentration  was 
taken  with  the  injector  tube  drawn  back  so  that  the  F would  contact  only  the 
inside  wall  of  the  22-mm  ID  quartz  flow  tube;  another  F measurement  was  taken  with 
the  injector  tube  pushed  in  up  to  the  EPR  cavity.  Any  change  in  the  atomic  fluorine 
EPR  line  after  insertion  of  the  injector  tube  would  be  attributed  to  the  addi- 
tional wall  area  in  contact  with  F (the  fractional  increase  in  wall  surface  was 
given  by  the  ratio  of  the  diameters  of  the  injector  tube  and  the  flow  tube,  or 
4/22).  When  ?2  was  used  as  a source  of  F,  no  change  in  concentration  was  de- 
tected upon  injector  insertion.  Use  of  CF4  as  a source  of  F produced  a small  but 
reproducible  change  in  F concentration.  The  CF3  appears  to  have  an  affect  on  the 
rate  of  wall  recombination. 


At  a later  date,  when  the  fast-flow  apparatus  was  disassembled  for  repair,  re- 
washing the  flow  tube  with  a dilute  HF  solution  revealed  a thin  film  of  Teflon- 
like material  that  had  been  deposited  on  the  flow  tube.  This  film  was  undoubtedly 
produced  by  the  species  resulting  when  CF4  passed  through  the  microwave  discharge 
and  the  film  formation  could  account  for  the  small  disappearance  of  F by  wall 
reaction  when  CF4  was  used. 
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Cavity  Signal  Distribution  Function 


The  EPR  measures  the  number  of  unpaired  electrons  over  a finite  distance  along 
the  cavity  axis.  As  shown  in  the  theoretical  section,  the  distribution  of  the 
signal  density  within  this  sampling  zone  is  needed  to  determine  kinetic  rate 
parameters  in  a fast-flow  system. 


Axial  dependence  of  the  signal  density  was  measured  by  placing  a sample  of 
diphenyl  picryl  hydrazyl  (DPPH),  smaller  than  0.5  mm  in  its  longest  dimension, 
in  a capillary  and  recording  the  intensity  of  the  DPPH  transition  line  as  a 
function  of  the  position  of  the  capillary  tube.  The  capillary  was  moved  along 
the  cavity  axis  by  attaching  it  to  the  movable  jaw  of  a vernier  caliper.  Signal 
amplitudes  were  repeatable  to  within  ±0.5  mm.  A least-squares  regression  was 
carried  out  on  the  data  so  that  it  fit  a function  of  the  form  of  Eq,  I 11-10  where 
x is  the  position  along  the  axis  of  the  cavity  and  x0  is  the  position  of  maximum 
sensitivity  on  that  axis.  B and  l may  be  considered  as  empirical  parameters  for 
the  purpose  of  this  discussion.  Of  these,  only  & has  any  real  significance  since 
& represents  one-half  of  the  effective  length  of  the  cavity.  Values  of  l were 
systematically  varied  and  best  values  of  B were  determined.  The  set  of  values  of 
B and  l which  gave  the  minimum  least-squares  deviation  from  the  experimental 
values  was  selected.  The  best  values  were  -0.192  for  B and  3.60  cm  for  l. 


It  was  assumed  that  the  signal  density  at  a given  radius  from  the  axis  is  propor- 
tional to  the  signal  density  along  the  axis.  This  assumption  is  probably  valid 
over  most  of  the  volume  of  the  flow  tube  within  the  cavity,  but  near  the  values 
of  x close  to  +3.6  or  -3.6  cm,  the  signal  density  is  probably  smaller  than  would 
be  predicted  from  Eq.  II I- 10. 


Experimental  Procedure 


The  experimental  procedure  consisted  first  of  establishing  the  desired  flow  con- 
ditions (pressure,  velocity,  reactant  concentration)  in  the  fast-flow  reactor, 
turning  on  the  microwave  discharge,  and  tuning  and  setting  the  EPR  spectrometer 
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to  monitor  the  appropriate  transition  of  F.  With  the  Carle  valve  positioned  so 
that  the  gas  to  be  reacted  with  F enters  downstream  of  the  EPR  cavity,  the  EPR 
spectrometer  was  used  to  monitor  the  F concentration  so  that  the  F2  or  CF4  feed 
rate  could  be  adjusted  to  the  desired  level.  To  simplify  the  data  analysis,  the 
ratio  of  fuel  to  F was  usually  kept  at,  or  above,  5 to  1.  When  the  reactant  con- 
centrations were  properly  set,  the  Carle  valve  was  switched  to  initiate  the  chem- 
ical reaction  at  the  tip  of  the  injector  tube.  The  injector  tube  was  then  posi- 
tioned at  various  distances  from  the  EPR  cavity,  and  at  each  position  the  F con- 
centration was  determined  from  the  peak-to-peak  amplitude  of  the  5211  gauss  EPR 
line.  After  several  concentration-distance  measurements,  the  Carle  valve  would 
be  switched  and  the  initial  F concentration  would  be  measured  to  ascertain 
whether  any  drift  in  F concentration  had  occurred.  The  data  recorded  during  a 
typical  experiment  included  the  initial  reactant  flowrates,  the  pressure  at  the 
EPR  cavity,  and  the  injector  position  and  F concentration.  The  ratio  of  (a)  the 
EPR  signal  measured  with  reacting  gas  to  (b)  the  EPR  signal  measured  in  the  ab- 
sence of  reacting  gas,  determined  as  a function  of  the  injector  distance,  was 
used  to  ascertain  the  reaction  rate  constant. 


RESULTS  AND  DISCUSSION 


Reaction  rate  data  were  obtained  with  the  fast-flow  EPR  system  for  the  following 
reactions : 


F + H- 


F + HBr- 
F + CF3H- 


-HF  + H 

-HF  + Br 
+ CF3 


(1 1 1-23) 


F + CH. 


>HF  + CH, 


F + C3H8~ 


-HF  + C3H? 


F + HI- 


-HF  + I 


(III-24) 
(III-25) 
(III-26) 
(II 1—27) 
(III— 28) 


The  computer  program  written  for  the  case  in  which  axial  diffusion  was  disre- 
garded was  used  to  generate  several  curves  (each  representing  a different  reaction 
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rate  constant)  on  a plot  of  Jin  ([F]/[F30)  versus  AX.  The  best  value  of  k was 
chosen  by  matching  the  slopes  of  the  computed  curves  to  the  experimental  data. 
Diffusion  coefficients  for  reactants  in  helium  were  estimated  using  various  pro- 
cedures outlined  by  Reed  and  Sherwood  (Ref.  30)  or  Sherwood  and  Pigfcrd 
(Ref.  31)  whenever  they  could  not  be  obtained  from  the  literature.  The  dif- 
fusion coefficients  used  in  solving  Eq.  1 11-14  through  III-18  for  the  chem>. cal 
reactions  (Eq.  1 11-23  through  1 1 1 - 2 7)  are  given  in  Table  XLII. 


TABLE  XLII.  DIFFUSION  COEFFICIENTS  OF  REACTANT  IN  HELIUM 


Reactant 

iQ  at  1 atm 
**  cm2/sec 

Source 

F 

1.45 

Estimated  (Ref.  31) 

h2 

1.62 

Experiment 

HBr 

0.652 

Estimated  (Ref.  30) \ 

cf3h 

0.612 

Estimated  (Ref.  30) 

ch4 

0.675 

Experiment 

c3h8 

0.485 

Estimated  (Ref.  30) 

Reaction  of  F with  H2 

The  experimental  results  obtained  for  the  F + H2  system  are  summarized  in 
Table  XLIII.  A plot  of  a typical  experiment  is  shown  in  Fig.  196.  The  reac- 
tion rate  constants  listed  in  the  column  labeled  Eq.  HI-4  were  determined  using 
Eq.  III-4,  i.e.,  plotting  Jln([F]/(F0])  versus  Ax  with  the  assumption  chat  the 
quantity  Jlnd^lo/It^J)  was  zero  and  that  the  concentration  of  F measured  in  the 
EPR  cavity  corresponded  to  the  actual  F concentration  at  a point  in  the  cavity 
that  was  independent  of  the  axial  position  of  the  injector  tube  tip  (this  was 
shown  to  be  true  for  a first-order  reaction  with  a constant  average  axial 
velocity,  Eq.  III-13). 

The  second  column  under  the  rate  constant  heading  in  Table  XLIII  lists  the  rate 
constants  obtained  using  the  numerical  solution  to  Eq.  III-14  through  III-18. 

This  solution  takes  into  account  radial  diffusion  and  the  radial  velocity  gradient 
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but  ignores  the  axial  diffusion  term  in  Eq.  III-14.  A comparison  between  the 
reaction  rate  constants  acquired  via  Eq.  I I 1-4  and  the  more  sophisticated  analysis 
embodied  in  the  application  of  Eq.  III-14  through  I I I - 1 8 reveals  only  minor  dif- 
ferences of  at  most  10  or  15  percent.  The  near  agreement  of  the  values  is  attri- 
buted to  the  large  diffusion  coefficients  of  H2  and  F which  tend  to  flatten  the 
radial  concentration  profiles  that  might  otherwise  result  from  the  parabolic 
radial  velocity  distribution.  An  examination  of  the  computer  printout  also  re- 
vealed that  the  point  in  the  EPR  cavity  at  which  the  F concentration  was,  in 
effect,  being  measured,  was  nearly  independent  of  the  distance  between  the  cav.ty 
and  the  initial  mixing  point. 

The  average  rate  constant  for  the  eight  F + H2  experiments  is  1.0  x 10*3  cc/mole/ 
sec.  This  compares  favorably  with  several  previous  measurements  of  this  rate 
constant  (see  Table  III  of  Ref.  32  for  a summary}.  The  first  rate  measure- 
ment was  reported  by  Fettis,  Knox,  and  Trotman-Dickenson  in  1960  (Ref.  33). 

Their  reported  rate  constant  at  300  K was  5 x 101?  (later  revised  to  1.1  x 1014, 
Ref.  34).  Homann,  et  al.  (Ref.  35)  and  Dodonov,  et  al.  (Ref,  36} 
used  flow  systems  and  mass  spectrometric  analysis  to  measure  the  rate  of  this 
reaction.  Homanr.,  et  al.,  determined  a rate  constant  at  300  K of  1.0  x 1013  in 
agreement  with  the  rates  obtained  on  this  program.  They  used  flowrates  of  only 
1700  cm/sec,  but  worked  at  very  low  reactant  concentration  to  spread  the  reaction 
zone  sufficiently.  Dodonov,  et  al.,  also  measured  the  rate  of  this  reaction 
using  a mass  spectrometer  technique.  They  obtained  a rate  constant  at  300  K of 
2 x 10*3  and  state  that  the  mass  spectrometer  was  sensitive  to  about  1010  to  lOll 
particles  per  cm3.  Their  flow  velocity  was  only  580  cm/sec  and  the  F-atom  con- 
centration was  0,001  torr,  Dodonov,  et  al.,  apparently  followed  the  H2  concentra- 
tion as  a function  of  distance.  From  their  data,  the  half-distance  for  H2  dis- 
appearance was  only  6 mm  (a  factor  of  10  less  than  the  reaction  distance  achieved 
in  our  studies),  suggesting  that  the  method  was  not  accurate.  From  their  method  of 
calculating  the  rate  constant,  Dodonov,  et  al.,  must  have  used  pseudo  first-order 
conditions  with  F-atoms  in  excess. 

The  use  of  mass  spectrometric  analysis  in  a fast-flow  reactor  has  the  serious 
disadvantage  that  the  sample  must  be  taken  either  from  the  boundary  layer  or 
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from  a point  where  the  flow  is  diverted,  giving  an  uncertainty  in  the  calculated 
residence  time.  The  fast-flow  EPR  rystems  have  the  advantage  that  reactants 
continue  to  flow  at  high  velocity  th cough  the  measurement  cavity. 


■w 


More  than  one-half  of  the  HF  formed  in  the  F + H2  reaction  is  in  the  second  vi- 
brational level.  The  following  distributions  of  vibrational  energy  have  been 
reported : 

HF  (3) ,%  HF (2) ,%  HF (1) ,%  HF(0),% 


Jonathan,  et  al. 

(Ref.  37) 

28 

55 

17 

0 

Chang  and  Se:  ,;er 

(Ref.  38) 

28 

55 

17 

— 

Berry  (Ref.  39) 

32 

50 

15 

3 

Reaction  of  F with  HBr 

The  data  and  results  determined  for  the  reaction  of  F with  HBr  are  summarized  in 
Table  XLIV.  Rate  constants  determined  using  Eq.  III-4  and  the  simplified  com- 
puter program  for  Eq.  III-14  through  III-18  are  appropriately  labled  and  listed 
under  the  Rate  Cons', ant  heading.  In  contradistinction  to  the  F + H2  reaction, 
there  is  a noticeable  increase  in  the  value  of  the  rate  constant  for  P + HBr 
determined  using  the  numerical  solution  of  Eq.  Ill— 14  through  III-18  over  that 
found  via  Eq.  II 1-4.  The  increases  range  from  10  to  nearly  50  percent.  This  is 
undoubtedly  caused  by  the  lower  diffusion  coefficient  of  HBr  which,  in  turn,  re- 
sults in  larger  radial  concentration  gradients.  As  with  the  F + H2  reaction,  the 
point  within  the  EPR  cavity  at  which,  in  effect,  the  measurement  of  F concentra- 
tion is  made,  varied  negligibly  as  the  position  of  the  initial  mixing  point  was 
changed. 

Initial  studies  of  the  F + HBr  reaction  revealed  that  at  longer  reaction  times 
(large  Ax)  the  F concentration  declined  much  faster  than  would  be  expected  for  a 
simple  chemical  reaction.  As  shown  in  Fig.  197,  the  data  could  have  been  cor- 
related by  two  different  lines  suggesting  that  more  than  one  reaction  was  occur- 
ring. The  rate  constants  given  in  Table  XLIV  were  determined  using  the  slope 
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representative  of  the  data  points  taken  at  lower  Ax.  At  the  time  these  data  were 
taken,  the  HBr  supply  was  suspected  of  being  contaminated  with  water  (which  would 
aid  the  decomposition  of  HBr  in  the  presence  of  metal).  After  the  first  two  ex- 
periments listed  in  Table  XLIV  were  conducted,  the  HBr  cylinder  was  routinely 
chilled  in  solid  CO2  and  then  vented  to  remove  any  H2  that  might  have  accumulated 
from  HBr  decomposition  between  experiments. 

The  existence  of  side  reactions  that  could  account  for  the  type  of  experimental 
data  correlation  shown  in  Fig.  197  was  checked  out  by  using  a sample  of  HBr  puri- 
fied by  redistillation  from  several  cold  traps  in  a titration  experiment  with  F. 

The  F was  found  to  disappear  in  a one-to-one  relationship  to  the  amount  of  HBr 
fed  to  the  fast-flow  reactor;  there  was  no  evidence  of  side  reactions  involving  F. 
The  same  batch  of  purified  Hbr  was  used  to  conduct  the  last  two  experiments  listed 
in  Table  XlIV.  Data  taken  near  the  end  of  the  second  of  these  two  experiments 
did  not  correlate  well  with  previous  data.  An  air  leak  into  the  fast-flow  sys- 
tem, found  after  the  experiments  were  concluded,  could  have  been  responsible. 

The  average  of  the  10  experimental  values  given  in  Table  XLIV  is  2.6  x 1013 
(mole/cc)"1  cm-1.  However,  three  of  the  rate  constants  are  substantially  higher 
than  the  rest,  two  determined  at  a lower  pressure  than  the  others,  and  one  de- 
termined using  purified  HBr.  It  is  difficult  to  choose  which  group  of  values  is 
nearer  the  true  rate  constant  but  based  on  the  fact  that  one  of  the  three  higher 
values  was  obtained  using  purified  HBr,  it  appears  reasonable  to  favor  the  higher 
value  of  3.1  x 10*3  (mole/cc)_1  sec"*.  However,  because  the  cause  of  the  dis- 
crepancy is  not  known,  a rate  constant  of  2.4  to  3.1  x lO^3  will  be  reported. 

Jonathan,  et  al.  (Ref.  37)  studied  the  F + HBr  reaction  by  an  infrared  chemi- 
luminescent technique  and  determined  that  the  vibrational  energy  is  distributed 
in  the  product  HF  as  follows:  HF(4),  20%;  HF(3),  27%;  HF(2)  29%;  HF(1),  18%  and 
HF  (0),  6%.  They  also  estimated  from  their  results  that  the  global  rate  constant 

for  the  F + HBr  reaction  is  0.87  times  that  for  the  F + CH4  reaction.  The  rate 

13 

measured  in  this  study  (next  section)  for  the  F + CH4  reaction  was  3.2  x 10  . 


Reaction  of  F with  CF3H  and  CH4 


Phase  II  small-scale  laser  tests  indicated  CF3H  was  one  of  several  reactants 
studied  that  did  not  produce  lasing.  The  reaction  rate  of  CF3H  with  F was  in- 
vestigated in  the  fast-flow-EPR  system  to  provide  a verification  of  the  suspected 
low  pumping  rate.  For  comparison  with  the  rate  of  hydrogen  extraction  from  CF3H, 
a single  experiment  was  performed  on  the  reaction  F + CH4. 


The  results  of  the  reaction  rate  study  of  CF3H  are  listed  in  Table  XLV.  Rate 
constants  determined  using  Eq.  III-14  through  III-18  are  considered  to  be  the 
best  values  for  the  reaction  F + CF3H.  The  average  is  1.0  x 101*. 


It  is  curious  that  for  this  reaction,  the  rate  constant  determined  using  the  more 
exact  method  of  data  analysis  is  less  than  the  values  measured  using  Eq.  I I 1-4  while, 


for  most  c 

>f  the  other  reactions  studies,  the 
TABLE  XLV.  RATE  DATA  FOR  F + C 

Fluorine 

Source 

Pressure, 

torr 

(CF3H/F) 

Velocity,* 

cm/sec 

F2 

1.17 

10.5 

11,400 

*2 

1.16 

>40 

11,420 

F2 

0.74 

>40 

8,540 

Rate  Constant  x 10-11 
(mole/cc)-l  sec-1 


Eq  III-4  Eq  III-14  through  III-18 


1.41 


•Average  velocity  measured  at  the  pressure  tap  closest  to  the 
EPR  cavity. 


The  rate  of  the  reaction  F + CH4  was  investigated  for  comparison  with  the  reac- 
tion of  F with  CF3H.  The  numerical  solution  of  Eq.  III-14  through  III-18  yielded 
a value  of  3.2  x 10*3  (mole/cc)"lsec"l.  Using  Eq.  III-4,  the  reaction  rate  was 
estimated  to  be  2.6  x 10^3  (mole/cc)"^sec"^.  The  reaction  F + CH4  is  about  350 
times  faster  than  the  F + CF3H  reaction.  About  a factor  of  10  of  this  difference 
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might  be  expected  from  steric  considerations.  If  the  other  factor  of  35  results 
from  a difference  in  activation  energy,  tho  activation  energy  of  the  F + CF3H 
reaction  would  have  to  be  larger  by  about  2.1  kcal/mole. 

Two  studies  (Ref.  37  and  38  have  established  that  the  energy  distribu- 
tion in  the  F + CH4  reactions  is  HF(3),  14%;  HF(2),  64%;  and  HF(1),  22%,  assuming 
no  HF(0)  is  formed.  Johnathan,  et  al.  (Ref.  37  ) reported  that  the  F + CH4 

global  rate  is  faster  by  a factor  of  1.35  than  that  of  the  F + H2  reaction.  In 
this  study,  the  reaction  with  CH4  was  found  to  be  faster  than  the  reaction  with 
H2  by  a factor  of  3.  A rate  constant  of  3 x 10^  exp(-1150/RT)  has  been  reported 
for  F + CH4  (Ref.  40).  At  298  K,  this  gives  a rate  constant  >f  4.3  x lO1^, 
only  slightly  larger  than  the  value  of  3.2  x 1013  reported  here.  However,  this 
literature  value  is  reported  per  H atom  in  CH4  making  the  reported  rate  more  than 
5 times  faster  than  the  rate  measured  in  the  EPR  reactor.  Thus,  the  rates  re- 
ported in  the  literature  for  the  F + CH4  reaction  vary  by  an  order-of-magnitude 
but  bracket  the  rate  measured  in  this  study. 

Reaction  of  F with  C3H8 

The  rate  of  the  reaction  F + C3H8  was  investigated  using  instrument  grade  propane. 
The  fluorine  atoms  were  produced  from  molecular  fluorine  by  microwave  discharge. 

A summary  of  the  experimental  conditions  and  the  value  of  the  global  rate  con- 
stants calculated  using  Eq.  III-4  and  the  simplified  numerical  solution  to 
Eq.  I I 1-14  through  III-18  are  given  in  Table  XLVI.  The  first  three  experiments 
listed  in  Table  XLVI  were  conducted  at  too  high  a concentration  of  C3H8.  As  a 
result,  the  reactions  were  too  fast  to  be  measured  with  accuracy,  i.e.,  the  con- 
centration of  F dropped  quite  rapidly  with  small  changes  in  the  injector  probe 
position.  Two  of  these  experiments  could  not  be  reasonably  fitted  with  a single 
rate  constant  and,  hence,  no  value  is  given  for  them  in  Table  XLVI  The  value 
of  5 x 1013  (mole/cc)-lsec"l,  obtained  in  the  fourth  and  fifth  experiments  listed 
in  Table  XLVI  is  considered  to  be  the  best  value  of  the  rate  constant  for  the 


o HH 

E **M 


CM 

vD 

LO 

to 

• 

* 

■ 

• 

• 

,ej' 

to 

LO 

o 

o 

*-> 

■M 

vO 

rH 

• 

• 

CM 

to 

o 

o 

o 

© 

o 

CM 

CM 

o 

in 

o 

(M 

vO 

in 

VO 

* 

•» 

•* 

* 

* 

vO 

vO 

rj- 

\0 

rH 

H 

rH 

rH 

rH 

rl 

to 

in 

Tf 

CM 

o> 

v0 

• 

• 

• 

• 

• 

\o 

r* 

in 

<«r 

CM 

tO 

to 

to 

tO 

to 

rH 

rH 

«H 

tH 

rH 

o 

o 

o 

© 

o 

H 

»H 

rH 

iH 

rH 

X 

X 

X 

X 

X 

CM 

CM 

iH 

♦H 

00 

CM 

o 

o 

• 

• 

• 

• 

• 

o 

to 

Cvl 

iH 

rH 

H 

iH 

00 

rH 

rH 

CM 

ts 

00 

CM 

to 

• 

• 

• 

4 

• 

CM 

CM 

rH 

CM 

CM 

CM  CM  CM  CM 

U4  tL. 


S^Mr-t 


reaction  F + C3H8— *-HF  + C3H7  obtained  from  these  fast-flow  experiments.  This 
rate  constant  can  be  compared  with  the  values  2.2  x 10^  to  5.2  x 10^  (mole/ 
cc)"*sec-l  for  the  abstraction  of  a primary  hydrogen  and  0.82  x 10^  to  2.0  x 
1013(mole/cc)"1sec"1  for  the  abstraction  of  the  secondary  hydrogen  obtained  by 
Fettis,  Knox,  and  Trotman-Dickenson  (Ref.  33  and  34). 


o 


Side  reactions  between  F and  the  C3H7  radical  are  possible  and  undoubtedly  occur. 
The  importance  of  these  reactions  is  minimized  by  keeping  the  initial  C3Hg/F 
ratio  high  (as  in  these  experiments)  so  that  the  ratio  03^/03^  will  always  be 
large. 

Reaction  of  F with  HI 

During  the  course  of  determining  the  rate  constant  for  the  reaction  F + HI  HF  + I , 
it  was  found  that  the  5220  G fluorine  line  was  overlapped  by  a strong  iodine  line. 
Because  of  this  problem,  another  F line  at  5311  G was  calibrated  using  the  5220  G 
line.  While  not  as  strong  a line,  the  5311  G line  at  8.860  GHz  proved  to  be 
satisfactory  for  the  rate  measurement.  About  a five-fold  excess  of  HI  was  em- 
ployed so  that  the  reaction  would  again  approximate  a first-order  process. 

Figure  198  contains  the  experimental  data  plotted  as  the  log  of  the  fraction  of 
remaining  F versus  distance  from  the  point  of  reactant  mixing  to  the  EPR  cavity. 
Plotted  on  the  same  figure  are  the  theoretical  lines  computed  for  three  different 
values  of  the  rate  constant.  The  experimental  data  yielded  a curve  which  changes 
in  slope  with  Ax  in  a way  that  is  not  predicted  by  the  theoretical  lines.  The 
difference  may  be  caused  by  mixing  effects  at  the  injector  tip  or  perhaps  by  some 

side  reaction  with  F.  The  best  value  for  the  rate  constant  of  the  F + HI  reaction 

13  - -1 

is  about  1.7  x 10  (mole/cc)  1 sec  . 


Jonathan  et  al.  (Ref.  37)  determined  the  following  product  distribution  for 
the  very  exothermic  F + HI  reaction:  HF(6),  14%;  HF(5),  22%;  HF(4),  17%;  HF(3), 

14%;  HF(2) , 13%;  HF(1),  11%  and  HF(0),  9%.  They  estimated  that  the  global  rate 
constant  for  the  F + HI  reactions  is  larger  by  20  percent  than  that  for  the 
F + CH4  reaction.  In  this  study,  the  HI  global  rate  was  found  to  be  smaller  than 
the  CH4  rate  by  about  a factor  of  2, 
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Sunanary  of  Measured  Rate  Constants 


The  global  rate  constants  measured  in  this  study  in  the  EPR  fast-flow  reactor  at 
room  temperature  are  summarized  in  Table  XLVII. 


TABLE  XLVII.  SUMMARY  OF  MEASURED  GLOBAL  RATE  CONSTANTS  (298  K) 


Reaction 


F + H2  = HF  + H 


F + HBr  = HF  + Br 


F + CF3H  = HF  + CF, 


F + CH4  = HF  + CH3 


F + C3H8  = HF  + C3H7 


F + HI  * HF  + I 


Global 

Rate  Constant, 


(mole/cc)"1  sec"1 


1.0  x 1013 


2. 4-3.1  x 10*3 


1.0  x 101! 


3.2  x 10i3 


S x 1013 


1.7  x 1013 


AH,  298  K, 
Kcal/mole 


-31.9 


-31.3 


-64.8 


?-  I 


I'C,vV2i'*M-  ** 


NOMENCLATURE 


*"  act’C  nom 


He,  percent 
AH,., 


i,  j,  k 


. 2 2 
= area,  in.  or  cm 

= nozzle  exit  flow  speed  of  sound,  cm/sec 

* coefficient  for  i-1  step 
= matrix  of  coefficients 

* concentration  of  A 

a initial  concentration  of  A 

= empirical  constant  in  the  cavity  signal  distribution  function 
■ concentration  of  B 
= coefficient  for  ith  step 
= coefficient  for  i + 1 step 
= concentration  of  specie  i (moles/vol) 

= measured  characteristic  velocity,  pc\/i&totai  * ft/sec 
= theoretical  characteristic  velocity,  ft/sec 
= diameter,  in.  or  cm 
a diffusion  coeffici ent 
a electron  paramagnetic  resonance 
= friction  factor 

= quantum  number,  the  magnitude  of  the  resultant  angular  momentum 
vector 

= mole  fraction  of  species  k at  point  i,  j 
a mole  fraction  of  species  k 
a throat  gap,  cm 

a reactant  concentration  as  a function  of  axial  distance  along 
the  flow  tube 

« mass  percent  of  helium  flow,  wHe/#totaj 
= enthalph  change  in  heating  one  mole  diluent 

a heat  of  combustion  half-reaction,  B-12,  per  mole  F-atom  combusted 
= overall  heat  of  combustion  per  mole  F combusted 

* enthalpy  change  when  oxidizer  dissociates  to  form  one  mole  F atom 

= used  as  subscripts  or  superscripts  to  denote  species  or  location 
in  axial  and  radial  direction 

= kinetic  rate  constant 

= equilibrium  constant  in  pressure  units 
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W 


Z 

L 


max 


m 

m. 


M 


MR 

M 


e 

MW 


N 


fuel 


prod 


‘fuel 


ox 

c 


prod 


N 

P 

P; 


t,o 


Q 

r 


> 


R, 


reaction  rate  constant  for  wall  reactions 
1/2  of  the  effective  length  of  the  ERP  cavity 
length,  in.  or  cm 

distance  from  the  sonic  choke  point,  in.  or  cm 
number  of  increments  in  the  radial  direction 


sum  of  the  spin  orbital  angular  momentum  and  the  nuclear  angular 
momentum 


Mach  number,  the  ratio  of  the  gas  velocity  to  the  velocity  of 
sound 


mixture  ratio,  *oxid/*fuel 
nozzle  exit  flow  Mach  number 
molecular  weight,  gm/mole 
number  of  nozzles  (in  Phase  2) 


total  moles  products  formed  when  one  mole  of  F atoms  is  combusted 
with  fuel 


fuel  stoichiometric  factor  in  Eq.  1-18 

oxidizer  stoichiometric  factor  in  Eq.  1-18 

total  moles  products  formed  in  overall  combustion  reaction 
(Eq.  1-18)  per  mole  F combusted 

total  molar  flowrate 
2 


pressure,  lb/in. ' 


partial  pressure  of  species  i 

2 

total  pressure,  lb/in. 


cavity  pressure,  torr 

measured  heat  loss  * (Cp  AT  *)cooiant»  calories/sec 


radius,  in.  or  cm 
tube  radius,  in.  or  cm 


* gas  constant,  Btu/lb-K 


moles  F, 


moTeVB2  in  co,"bustor 


moles  H„ 


moles  of  TZ  available  for  lasing  cavity 


'Pi 


= moles  F combusted  per  mole  F atom  burned 
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ssK^teawssaasga &t  j m* 


Re 

s(x) 


S(X) 

t 

T 


v 


ft 


X,  X 


X 


0 


= moles  diluent  in  products  per  mole  F atom  formed 
= Reynolds  number  (Dvp/y) 

= LPR  •signal  distribution  function 
= EPR  signal 
= time,  sec 
= temperature,  K 
= total  temperature,  K 
* velocity,  cm/sec 

= velocity  at  the  center  of  the  fast-flow  reactor,  cm/sec 
= flowrate  of  component  x,  lb/sec  or  gm/sec 
= axial  distance,  cm  or  in. 

= distance  from  the  injector  probe  tip  to  the  center  of  the  EPR 
cavity,  cm  or  in. 

= nozzle  exit  half  width,  cm 

= nozzle  separation  thickness,  cm 


GREEK  LETTERS 


a 

Y 

M 

P 

*c 


, . ... ...  ■■■■  in  combustor 

moles  F+2  moles  F£ 

ratio  of  specific  heat  at  constant  pressure  to  specific  heat  at 
constant  volume 


viscosity 
density,  lb/ft3 


moles  DF  + moles  He  

moles  of  F 2 available  f:or  lasing 

moles  DF  + moles  He 

moles  o£  F2  available  ^or  lasing 


in  combustor 
in  cavity 


% 
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APPENDIX  A 


ROCKETDYNE  THERMOCHEMICAL  COMPUTER  CODE 


A series  of  thermochemical  programs  has  been  developed  at  Rocketdyne  for  solving 
propulsion  problems.  The  basic  thermochemical  computer  program  calculates  the 
equilibrium  composition  at  a given  pressure  and  either  an  assigned  temperature 
or  enthalpy.  The  heart  of  this  program  is  an  efficient  method  of  solving  for 
equilibrium  conditions  by  minimization  of  the  free  energy  of  all  possible  products. 
The  program  is  completely  general  in  terms  of  handling  any  combination  of  elements 
(up  to  15  in  any  given  calculation),  up  to  180  chemical  products,  and  a large 
variety  of  multiple-case  options.  Thermodynamic  data  for  over  600  products  (based 
primarily  on  the  JANNAF  data)  are  available  to  the  program,  and  this  file  is  con- 
tinually kept  up  to  date.  The  program  computes  combustion  parameters  such  as  heat 
capacity,  gamma,  molecular  weight,  density,  viscosity,  thermal  conductivity,  and 
temperature.  Options  in  the  basic  program  include  computation  of  ion  concentra- 
tions and  nonequilibrium  control  over  composition.  The  sample  cases  shown  in  the 
following  printouts  consumed  only  1 second  of  computer  time,  each  with  a billing 
cost  of  $1.20  per  second. 


When  CRT  plots  of  composition  or  other  gas  properties  as  a function  of  temperature 
are  desired,  the  performance  program  punches  the  appropriate  cards.  These  cards 
are  read  by  another  program  that  generates  the  CRT  plots. 


The  Thermochemical  Computer  Code  is  programmed  for  the  IBM  System  370,  Model  165 
computers.  The  program  input  requires  reactant  mixture  ratios  and  temperature. 
All  of  the  required  thermochemical  data  are  stored  on  the  data  tape.  The  code 
can  also  be  used  as  a subroutine  in  other  programs. 
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APPENDIX  B 


LASER  KINETICS  COMPUTER  CODE  - VIREL 


Rocketdyne  started  work  on  a computer  code  (VIREL)  in  1966  for  analyses  of  the 
gas  dynamic  laser.  The  computer  code  at  this  point  is  quite  general  and  can  con- 
sider any  gas  laser  in  the  one-dimensional  or  premixed  approximation  including 
optics  in  the  plane-parallel  wave  approximation.  Provision  was  made  for  communi- 
cation with  a gas-mixing  code  to  permit  integration  of  the  rate  processes  in  a 
chemical,  gas  transfer,  and  gas  dynamic  laser.  Particular  attention  was  given  to 
the  output  and  informative  plots  can  be  made  of  all  the  results  of  interest.  A 
brief  description  of  the  code  and  the  theoretical  bases  follows. 

The  initial  conditions  (i.e.,  concentration  of  all  constituents  and  the  flowfield) 
are  required  as  data  in  addition  to  the  rate  processes  and  rate  constants.  These 
rate  processes  are  then  integrated  over  the  region  of  interest  giving  the  concen- 
tration of  constituents,  including  the  amount  of  radiation,  and  the  flowfield  as 
a function  of  distance  or  time. 


The  constituents  may  be  atoms,  molecules,  or  even  photons  or  electrons.  Their 
concentrations  are  expressed  in  terms  of  mole  fractions.  The  number  of  photons 
is,  of  course,  arbitrary.  Internal  energy  levels  are  accounted  for  as  species 
and  the  concentration  of  all  species  of  a given  component  is  forced  to  add  up  to 
the  concentration  of  that  component. 


Rate  processes  given  as  data  name  the  reaction  or  relaxation  process  between  the 
individual  components  and  species.  Examples  are: 


H + F2,^:~r  HF(5)  + F 
H + F + H — — *-HF  (5)  + H 

H + HF(5)V"  H2  + F 


Reaction  (la) 

(lb) 

(lc) 
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I 

m 

m 


K2(0)  + HF(S)“ 
HF (4)  + HF (6)  " 
HF  (5)  + ti.^TZ 


H2(l)  + HF(4) 
2HF(5) 


'HF (4)  + H2 


V-*-V  Relaxation 


V-*T  Relaxation 


(2a) 

(2b) 

(3) 


Here,  H,  F2,  F,  and  H2  are  components  and  HF(5),  HF(4),  HF(6),  H2(0),  and  H2(l) 
are  species.  From  chemical  kinetics,  a rate  process  (i.e.,  a reaction  between 
the  species)  can  be  written  as: 


Jjj|l 


l.  a.: 
1 1 


:e.  b. 
3 3 


(4) 


and  the  rate  expression  can  be  written  as: 


Si 


3 

3t 


k,.  II.  a.  - k II.  b. 
f x l r j j 


(5) 


’.iSi 


The  general  process  (4)  may  be  shown  to  be  a combination  of  the  simple  processes 
given  in  reactions  1 through  3.  Even  the  three-  to  two-body  process  (lb)  is  a 
relatively  rare  event  at  pressures  below  0.1  atmosphere.  The  computer  code  also 
permits  optical  or  electrical  pumping,  photo-dissociation,  spontaneous  emission, 
and  one-body  processes. 

Stimulated  emission  is  treated  by  the  Einstein  equation: 


ft  = w S(v)  (B21  n2  - B12  nx)  (6) 

where  w is  the  optical  flux  density,  S(v),  a line  shape  function,  and  B21  and  B^2 
the  rate  constants,  and  n2  and  n^,  the  concentration  of  the  upper  and  lower  levels. 
The  optical  flux  density  is  normally  expressed  as  data  in  a linearly  interpolatable 
table,  but  may  be  computed  in  a self-consistent  fashion.  When  zero  optical  flux 
is  specified,  the  low  level  gain  is  computed.  When,  a number  of  uniform  optical 
fluxes  are  specified,  the  saturation  level  and  available  power  may  be  deduced. 


m 
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The  line  shape  function  is  treated  by  the  Voigt  model,  which  reduces  the  Doppler 
broadening  at  low  pressures  and  pressure  broadening  at  higher  pressures.*  The  B 
coefficient  is  required  as  data.  The  species  to  which  nj  and  n-^  correspond  are 
specified  as  data  and  the  concentration  of  each  rotational  level  is  computed  using 
the  rigid  rotor  approximation. 


The  flowfield  may  be  constant  pressure,  constant  or  specified  area,  or  constant 
volume.  The  ideal  gas  law  with  varying  specific  heat  and  molecular  weight  is 
assumed.  The  change  in  flowfield  due  to  heat  of  reaction,  heat  addition,  and 
area  ratio  changes  is  computed  using  the  influence  equations  (Ref.  1 ) for  flow- 
ing systems  which  reduces  to  the  ideal  gas  law  for  constant- volume  systems.  The 
ability  to  treat  heat  and  mass  addition  permits  using  the  code  to  treat  boundary 
layer  flow  and  gas  mixing  in  a relatively  straightforward  fashion. 


The  integration  formula  currently  used  is  an  optimized  second-order  Runge-Kutta 
predictor  corrector  method.  The  method  appears  to  be  the  most  efficient  method 
for  a chemical  laser  and  requires  as  few  as  30  steps  to  integrate  the  reaction 
over  the  length  having  positive  gain.  Integration  control  criteria  are  required 
as  data  and  the  step  size  is  adjusted  to  meet  but  not  exceed  the  accuracy  criteria. 

The  results  of  a computation  may  be  given  in  as  much  or  as  little  detail  at  re- 
quired. The  contribution  of  the  various,  processes  is  listed  at  selected  stations 
as  required.  Program  outputs  are  concentrations  of  the  species  and  components 
reaction  rates,  gain  and  amount  of  simulated  emission,  and  the  flowfield. 

APPENDIX  B REFERENCE 
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*Doppier  half-widths  are  approximately  0.01  cm"1  and  pressure  widths  are  approxi- 
mately 0.1  cm’l  at  standard  temperature  and  pressure  so  that,  at  76-torr  pres- 
sure, broadening  is  negligible,  although  the  Voigt  method  is  used  until  pressure 
broadening  is  only  1 percent  of  Doppler  broadening.  On  the  other  extreme,  the 
Voigt  model  is  used  until  the  Doppler  width  is  1/10  of  the  pressure  width. 
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APPENDIX  C 


NUMERICAL  SOLUTION  OF  FAST  FLOW  REACTOR  EQUATIONS 


WITHOUT  AXIAL  DIFFUSION 


A numerical  solution  to  Eq.  III-14  without  the  axial  diffusion  term,  subjected  to 
the  boundary  conditions  specified  by  Eq.  III-15  and  III-16,  was  obtained  by  the 
usual  discretization  process  using  the  Crank-Nicolson  method  (Ref.  1).*  This  in- 
volves dividing  the  field  into  a number  of  increments  (i  and  i)  in  the  axial  and 
radial  direction  and  replacing  each  derivative  by  a difference  approximation.  In 
terms  of  mole  fraction,  the  difference  approximations  are  given  as: 


fk(x,  r)  = fk  (iAx,  jAr)  = fk.. , then 


„2„k  , 

3 f _ ,Jc 


-k  . Jc 


9r 


- (fy-i  - 1 V * Wi  - 2 fLi,j  * 


9rk  ,ek 


9fk  ,~k  . _k 
1Z  - <£i+i,j  - V/Ax 


(1) 

ro 

(3) 


A bound  on  the  error  resulting  from  the  use  of  these  approximations  is  propcr- 


2 2 

tional  to  Ax  + Ar  (Ref.  1,  p.  193). 


This  second-order  accuracy  is  maintained  for  the  boundary  conditions  by  using  the 
following  approximations  in  the  program 


9f ' 


9r 


= (£? 


r=r 


i+l,m-l  ' 4 fll,„  * J 


(4) 


*See  References  at  end  of  this  Appendix. 
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= (-3  f; 


i+l,j 


+ 4 f 


i+lj+l 


ftl,j*2^24r 


Employing  the  above  discretization  transforms  the  system  of  partial  differential 
equations  into  a system  of  m + 1 linear  algebraic  equations  applicable  at  any  arbi- 
trary axial  distance  (i  + l)Ax  from  the  point  where  the  reaction  is  initiated.  The 
m + 1 algebraic  equations  are  arranged  so  that  all  mole  fractions  of  the  kth  species 
at  position  (i  + l)Ax,  f.  . . .,  f?  1 .,  and  f.  . . are  on  the  left  side  of  the 
equations  and  are  equated  to  which  is  comprised  of  the  terms  involving  mole 
fractions  of  the  kth  species  at  position  iAx  plus  the  average  of  the  reaction  rate 
terms  at  i(Ax)  and  (i  + l)Ax,  i.e., 


B,  f15  , , + C,  £k  , ^ + t,  , f^  , , * G?  j * 1 

1 1+1,1  1 i+l,2  1,3  i+l,3  1 J 


Aj  * Bj  *1.1.,  * Cj  fi+l,j+l  ■ 2 S J £ ■ 


* rk  . . k j.k  Dk  -k  „k  . . 

Vl.m+l  fi+l,m-l  Am+1  fi+l,m  Bm+1  fi+l,m+l  = Gm+1  3 = m 1 (8) 


Writing  the  equations  for  the  kth  species  in  matrix  form 


B1  C1  tl,3  0 0 *•’ 


* k 

fK 

1+1,1 


A2  B2  C2  0 0 ... 


° A3  B3  C3  0 ••• 


i+1,2 

fk 

1+1,3 


and  using  some  predicted  value  for  the  f . . . that  appear  in  the  reaction  rate 

k 1+i» J v 

term  included  in  G. , the  computer  program  then  solves  for  new  values  of  f . . . 

J > J 

which  are  compared  with  the  predicted  values.  If  the  predicted  and  new  values  of 

fv  . . do  not  agree  within  the  required  amount,  the  new  value  of  f*  •.  . becomes 

llfj  1+1, J 

the  predicted  value  and  the  cycle  is  repeated.  This  iterative  procedures  is 


m 


f*"*  *5s  *~?S*  -*■  -v= ;;  ■*- 


continued  until  successively  computed  f.  . . agree  within  specified  limits.  The 
matrices  solved  at  each  iteration,  one  for  each  reactant  species,  are  coupled  via 
the  reaction  rate  terms.  Convergence  to  within  0.01  percent  is  usually  attained 
in  4 or  5 iterations.  The  program  then  proceeds  to  the  next  axial  increment  and 
again  iteratively  solves  the  matrix  equation  (Eq.  9). 

When  the  axial  increments  stepped  off  have  passed  through  the  region  of  the  flow 
tube  monitored  by  the  EPR,  the  solution  is  completed.  All  monitored  species  mole 
fractions  at  increments  included  in  the  sensing  zone  of  the  EPR  cavity  are  multi- 
plied by  a suitable  cavity  signal  distribution  function,  summed,  and  then  averaged 
over  the  sensing  zone  to  determine  the  mole  fraction  sensed  by  the  EPR  and  the 
point  x in  the  flow  tube  wh.ere  the  average  mole  fraction  equals  that  measured  by 
the  EPR. 

WITH  AXIAL  DIFFUSION 

When  axial  diffusion  is  not  ignored,  it  is  necessary  to  add  another  boundary  con- 
dition to  Eq.  III-14.  Assuming  a flow  tube  of  infinite  length,  the  boundary  con- 

k 

dition  at  infinity  is  that  the  f be  uniformly  bounded.  This  implies  that 
k k 

-^=•^=0  at  x = “ (Ref.  3)  (10) 

At  the  initial  plane,  one  may  specify  an  initial  flux,  i.e. 


/<vfk  ’ ak  T?’  “ ' F’ 


The  problem  becomes  well  defined  on  a closed  region,  0 < x < L,  if  L is  chosen 
large  enough  so  that  chemical  equilibrium  has  essentially  been  reached  at  L.  If 
it  is  further  assumed  that  f is  constant  at  r = 0,  then  the  problem  is  to  solve 
Eq.  III-14  subject  to  Eq.  III-15  and  II I- 16  as  well  as 


fk(o,r)  = r 


0 < r < r 
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0 < x < r. 


where  is  defined  in  the  expression 


vdkj  $ 


dA  = F1 


When  axial  diffusion  is  ignored,  Eq.  12  and  14  reduce  to  the  usual  conditions  that 


the  initial  profile  of  the  k^  species  be  proportional  to  the  feed  rate  of  the  k**1 


species. 


A computer  program  has  been  written  which  solves  Eq.  III-14  subject  to  Eq.  III-15, 

III-16,  12,  13,  and  14.  Equation  14  is  not  programmed  in  explicitly.  Rather,  7^ 

k 

is  set  equal  to  a prescribed  input  value.  Iteration  on  7 to  satisfy  Eq.  14  is 
then  performed. 


Equation  III-14  and  the  boundary  conditions  were  discretized  by  an  approximation 
using  centered  differences: 


<1,3  - 2 fij  * <l.J>'^ 


- 2 *1J  * fi,j-l5/4r2 


3f  ,,k  .k 

3r  " fi, j+1  " fi,j-l)/2Ar 


<1,3  - fi-l,j>^ 


This  results  in  an  error  in  the  differential  equation  of  0(h2)  for  h = Ax  * Ar 


(Ref.  1),  For  Ax  * Ar,  the  simple  transformation  r'  * r & leads  to  the  same 


result. 


This  second-order  accuracy  is  maintained  for  the  boundary  conditions  by  using  the 
following  approximations  in  the  program: 

k fk  4f^  _ 3f^ 

M*  JtlA N-l.j _N»j 


^jk  > jk  7 -k 

f.  w - - 4f.  M , + 3f. 
l.M-2  i.M-1  i,M 


^ 4fi.2  - fi,3 


Employing  the  above  discretization  cransforms  the  s>stem  of  differential  equations 
into  a system  of  linear  algebraic  equations; 


The  resulting  system  of  linear  algebraic  equations  for  species  k is  coupled  to  the 
system  for  other  reactant  species  through  the  source  terms. 


Specifically,  the  equation  is 

Ak  ^ = $k  (22) 

Where  ^ is  the  vector  (fk  f^  ^ ,,,  fk  M M)t»  Rk  is  the  vector  represent- 

ing (except  for  the  boundary  equations)  the  kinetic  coupling,  and  Ak  is  the  matrix 
of  coefficients  given  by  the  discretization  of  Eq.  III-14,  III-15,  III-16,  12, 

and  13.  This  matrix  is  very  sparse  and  banded.  Solution  of  Eq.  22  for  each  re- 
actant species  k is  carried  out  using  an  elimination  algorithm  especially  designed 
to  take  into  the  account  the  special  nature  of  A . 


Great  care  has  to  be  exercised  since,  even  though  the  discretization  used  is  appro- 
priate for  elliptic  equations  like  Eq.  I 11-14 , the  presence  of  a large  axial  convec- 
tion term  tends  to  make  the  system  behave  as  an  initial  value  problem  (e.g..  Ref.  3). 
This  being  the  case,  the  whole  matrix  solution  portion  was  coded  in  double  precision. 


428 


The  right  side  of  Eq.  22,  ymt  in  general,  be  a function  of  ....  ?*,  where 
K equals  the  number  of  species.  That  portion  that  is  a function  of  is  linearized 

Ir 

and  brought  over  to  the  left  side  and  combined  with  A . The  remainder  is  left  on 
the  right  side.  In  solving  the  k system,  the  computer  program  iterates  success- 
ively using  at  each  stage  the  most  current  estimate  of  ^ , k * k.  Typically, 
convergence  is  reached  in  four  to  five  steps. 
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